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In creating a society focused on responsible energy production and consumption, green
chemistry is now at the forefront of much scientific research. Interest in renewable energy and
alternative fuels is by no means new but with the rapidly depleting fossil fuel resources, and
hazardous byproducts of its production and use the areas hold the most promising answers to the
looming energy crisis. Suitable catalyst materials for electrochemical water reduction and biomass
conversion, specifically 5-hydroxymethylfurfural (HMF) reduction, have been previously
identified. In the case of water electrolysis, precious metal catalysts are excellent due to the low
energy input, however they are not economically feasible. With respect to HMF reduction, current
methods of chemical reduction require harsh conditions that make its use unappealing.
In this work, these drawbacks are tackled in several ways. First by using electrochemical
synthesis to provide a tunable method for the construction of electrocatalyst electrodes. Many
parameters that affect surface morphology, film composition and electrical connectivity including
electrolyte composition, potential applied, and temperature are readily controlled. Second by using
more suitable materials such as the non-precious metal catalyst material MoS2, recently identified
as an excellent catalyst for the hydrogen evolution reaction (HER). A new deposition procedure
was used to create a nanoporous molybdenum sulfide morphology. This material was chemically
different than MoS2 but provided a more catalytic surface to investigate the promoter ion effect of
transition metal ions on HER catalyst surfaces. After-deposition modification of the nanoporous
film’s active surface using Pt and Co lowered the overpotential necessary for the HER. Third,
using electrochemical reduction as an alternative to the established chemical reduction of HMF
has many of the same advantages as with electrochemical synthesis. A major benefit is the
electrochemical generation of hydrogen necessary for HMF reduction. Our study focused on
comparing the efficiencies of electrodeposited Cu-based electrodes to commercial Cu metal foil.

xv
In addition to changing the Cu catalyst surface, altering the electrolyte and pH resulted in improved
efficiencies for HMF conversion to 2,5-bis(hydroxymethyl)furan.
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CHAPTER 1. INTRODUCTION TO ALTERNATIVE FUEL
PRODUCTION, ELECTROCHEMICAL SYNTHESIS AND STUDIES

1.1

Alternative Fuels
The depletion of fossil fuel resources has made alternative fuels or energy carriers like

hydrogen gas and organic molecules produced from biomass of primary interests for the last few
decades. Use of these fuels is beneficial to the environment as biofuels emit less greenhouse gases
than fossil fuels1-3, while hydrogen combustion emits no CO2.4 Many countries have started
investing in other technologies including nuclear fuel, wind, geothermal and hydroelectric energy
resources. Some success in lowering our carbon footprint have been seen in South & Central
American countries and Europe & Eurasia that generate a considerable amount of their electricity
needs, 25 % and 12% respectively, from renewable resources.5 However, the majority of the
world’s energy needs, averaging more than 75%, is currently met by using fossil fuels.6 The main
uses of refined fossil fuel products are as heat and transportation fuels, for electricity and as
precursors for pharmaceuticals, plastics and other key materials important for infrastructure. Other
than being non-renewable the major disadvantage of a fossil fuel economy is the pollution caused
by its drilling, refining and use. Human activity has caused an increase in atmospheric greenhouse
gases like carbon dioxide, methane and nitrous oxide. Specifically, the CO2 concentration has risen
from 280 ppm to ca. 400 ppm since the industrial revolution.7 The amount of human added CO2
that can be removed by photosynthesis is limited, around 30%.8 The net addition of CO2 to the
environment has been established as a major cause of climate change. The environment has gotten
to a point where even if all viable land was covered in trees, our success in removing human added
CO2 would be minimal without the implementation of currently researched physical, biological or
chemical removal tools.9 The technology needed for a hydrogen economy would require decades
of research and development.4 However, in the interim biomass fuels and its building blocks
materials can be used with more practical changes to current technologies.[10-13] Described below
are the rationale and considerations that must be addressed in order for hydrogen gas and biomass
reduction products like 2,5-dimethylfuran and 2,5-bis(hydroxymethyl)furan to be impactful as
alternative energy molecules.

2
1.2

Hydrogen Gas as a Fuel

1.2.1

Current Methods of H2 Production
The hydrogen economy describes the production, use and storage of hydrogen as an

alternative to fossil fuels. Hydrogen is a viable replacement because of its abundance; its energy
content surpasses that of gasoline 120 MJ/kg vs. 44 MJ/kg,4 its combustion produces heat and in
a fuel cell, can generate electricity, and lastly it produces is water. The major problem though, is
that Earth’s hydrogen is tied up in water and not readily available. Meaning energy must be used
to separate H2 from water in order for it to be used as a fuel. Other problems include transporting
and storing H2 as it is small (high diffusivity) and highly reactive (flammable). Research into
materials up to the task of storing and transporting H2 is occurring simultaneously with those to
replace current methods for producing H2. Over the last 80 years, the main process for producing
H2 is steam-methane reforming.14 Other minor processes are biomass gasification and water
electrolysis. Steam methane reforming occurs using catalysts with modest energy input in the form
of temperature. Additionally, the use of methane, a fossil fuel, and the production of carbon
monoxide and/or dioxide, greenhouse gases shown in Equation 1.1 and 1.2, are major
shortcomings of SRM. Generating hydrogen through other processes is of utmost importance.
Research into methods of water splitting like photoelectrochemical, photocatalytic, radiolysis,
thermal decomposition, metal-organo complexes and other chemical methods is currently ongoing.
The work described here in focuses on splitting water electrochemically, and although the
electricity for water electrolysis is currently produced using fossil fuels, this reaction as pathway
for producing H2 is of interest because it does not produce carbon dioxide. Furthermore, as
improvements are made to other renewable energy resources, namely solar power, the electricity
can be supplied in the form of photovoltage produced by a light-absorbing semiconductor i.e. the
photoelectrochemical method.

CH4 + H2O → CO + 3H2

Equation 1.1

CO + H2O → CO2 + H2

Equation 1.2

3
1.2.2

Electrochemical Water Reduction- The Hydrogen Evolution Reaction
Water electrolysis involves the decomposition of water into oxygen and hydrogen gas

when electricity is passed through an aqueous solution. The overall reaction described in Eq.1.3
shows an energy input of 1.23 V under standard conditions is needed to carry out this process,
however, in an electrochemical cell, two separate half reactions occur. During oxidation either
water or hydroxide ions lose electrons to produce oxygen gas. During reduction either water or
hydrogen ions (hydronium ions) gain electrons to produce hydrogen gas. Electrochemical
hydrogen production has a long history, beginning with a couple different scientists around the
1800s, most notably Volta who invented the electric pile. Though, Nicholson and Carlisle were
the first to experimentally demonstrate water electrolysis using Volta’s discovery.15 After which,
further contributions to understanding electrochemical reactions by Faraday, and the invention of
the electric motor (Gramme’s machine) propelled the field of water electrolysis. Once the
usefulness of hydrogen coincided with technological developments, industrial synthesis became
possible. Hydrogen gas was once used as a lifting gas for transportation balloons, then later
chemical feedstock and even as rocket fuel. Its potential as a clean energy carrier and use in fuel
cells drives current research on water electrolysis.16
With respect to water electrolysis, our interest lies in the cathodic reaction given by two
equations, Eq. 1.4, 1.5. The form of the reaction that occurs depends on the solution pH as it affects
the available electroactive species. The first reaction occurs in neutral or alkaline solutions and the
second in acidic solutions. Although water reduction becomes more difficult or less
thermodynamically favorable with increase in pH, much work is done to elucidate water reduction
in alkaline or near neutral media due to its applications in photoelectrochemical cells, the chloroalkali process and a variety of electrochemical processes.17 In acidic media, the active species is
the hydrogen ion, H+ while in neutral or alkaline media it is the water molecule.17 Other than
solution pH, a variety of factors affect the formation of hydrogen gas. These include electrode
material and electrolyte composition. Any factors that change or affect the electrode-electrolyte
interface, and active species in solution, affect electrode thermodynamics and kinetics.18 A wide
range of materials have been studied with platinum and other precious metals being most active.19

2 H2O → 2 H2 + O2

Eocell = - 1.23 V vs. NHE

Equation 1.3

4

1.2.3

2 H2O + 2e- → H2+ 2 OH-

Eo = -0.82 V vs. NHE

Equation 1.4

2 H+ + 2e- → H2

Eo = 0.0 V vs. NHE

Equation 1.5

The Ideal HER Catalyst
Understanding water reduction at an electrode’s surface is foremost in describing the

relationship between the electrode material and its catalytic abilities. There are two distinct
mechanisms for electrochemical water reduction.20 It is widely accepted that two important factors
are i) metal-H bond strength or the first step, hydrogen adsorption, measured using Gibbs energy
(ΔGH+ads) as well as ii) the current at equilibrium potential.21 As the first step is hydrogen ion
adsorption, they found that most catalytic materials had ΔGH+ads values close to 0. This is because
low ΔGH+ads values are experimentally observed as low overpotentials.19,22,23 Overpotential
describes, in terms of electrical energy, the difference between the thermodynamically determined
reduction potential and the applied potential. In other words, good catalysts do not adsorb the
hydrogen ion too strongly or weakly. Secondly when equilibrium currents for the H+/H2 reaction
were obtained, active catalysts possessed higher values than less active catalysts. A high
equilibrium current meant fast electron transfer. A combination of these observations came to be
represented as a volcano plot, an example of which is shown in Figure 1.1. Lastly, Norskov and
others provided insight into ΔGH+ads on crystal faces of different materials using computational
methods. There is good correlation between experiment and calculation that place Pt-type metals
at the top.19,22,23
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Figure 1.1 Volcano plot of experimentally measured exchange current density (jo) as a function of
the DFT-calculated Gibbs free energy of adsorbed atomic hydrogen. Notice Pt and other precious
metals have high jo and ΔGH+ads near zero. Materials with very negative ΔGH+ads have good surface
coverage and bond H+ too strongly while those with very positive ΔGH+ads bond H+ weakly and
suffer from low surface coverage.19,24

Since electrolysis was first discovered, the catalysts tested have evolved and numerous
materials have been developed. As platinum is expensive due to its low abundance, research since
the 1970s has been focused on developing viable low platinum containing catalysts or creating
new compounds that mimic platinum’s catalytic ability with elements like C, Si, Ni, Co, Bi, W
and Mo.16,25,26 While non-noble metals are inexpensive, they generally suffer from low catalytic
activity (need for large overpotential). Alloys, metal/nonmetal materials carbon composites and
coordination complexes have found some success because their electronic properties closely
resemble precious metals i.e. creation of active sites.26 Though, many are generally active in either
acid or base not both.17 Additionally, different crystal planes of Pt (and other materials) have been
shown to be more active than others for the HER.27,28 Research has moved away from bulk
materials to nanostructured or thin films due to creation of new electronic states that positively
affect the electrode-electrolyte interface.24,29,30 In addition to exploring new composite materials,
recent studies focus on creating different morphologies of the proven catalytic materials since their
energy requirements can differ for the same reaction.1625,28,31 Computational studies and synthesis
techniques have an important role in guiding the search for new catalyst materials that meet the
challenge.30,31-33
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1.3

Biomass as a Resource

1.3.1

Current Methods of Biomass Production
Biomass as an energy resource is not a new concept. One of the oldest human customs is

burning wood for heat and light. In today’s society biomass has the potential to be a major source
of different forms of energy including power, fuels and chemicals. Currently in the U.S., biomass
generates around 1.5% of the electricity supply.34 Biomass encompasses any materials derived
from plants or animals with lignocellulosic material making up the majority of land derived
biomass. The energy content of the land plants grown yearly is enough to satisfy the fossil fuel
derived energy consumed yearly.35 Moreover, building block materials derived from biomass can
be used as alternatives to those derived from petroleum. However, in order to be economically
feasible, the feedstock materials to produce these biofuels must not compete with food sources and
they must be cheaply obtained in large quantities.1 One major disadvantage of utilizing
lignocellulosic biomass is that their complex structures make processing difficult i.e.
expensive.36,37 Current methods for degradation of cellulosic matter focus on three strategies,
gasification, pyrolysis or liquefaction and hydrolysis.1 Gasification produces the sought after
mixture of CH4, CO2, H2 and N2 called syngas. It is formed when biomass reacts with air, O2 and
or steam at elevated temperatures. Pyrolysis or liquefaction is a process where the product is highly
dependent on factors such as resident time, heat time and temperature. Generally, a mix of acids,
aldehydes, ketones and aromatic organics called bio-oils is produced. Pyrolysis is more favored as
it produces water soluble bio-oils with low oxygen content. There are two means of cellulosic
hydrolysis but in both cases lignocellulose must be pretreated to improve solubility. The first
entails enzymatic catalysis using cellulase which has the advantages of high yield and mild
conditions. The second is acid catalysis which suffers from side reactions, low glucose yield and
degradation of glucose to other products. First generation research entailed converting biomass
into infrastructure-compatible materials (hydrocarbons) to help lower conversion costs.38 In order
for biomass and biofuels to play an integral part of world energy supply, more desirable processing
methods, both biological and chemical, are needed.

1,11

Research is still being conducted to

improve dehydration of pentoses and hexoses (hydrolysis), however, simultaneous research has
focused on the highly versatile intermediate molecule 5-hydroxymethylfurfural (HMF).36

7
1.3.2

HMF Reduction to Useful Biomolecules
Although there are multiple pathways in converting HMF into building block materials,

our interest lies in its reduction as it involves hydrogen. HMF is a highly soluble molecule that
contains both an aldehyde and alcohol group. Most HMF reduction methods entail harsh
conditions, elevated temperatures or extreme pHs, and H2 pressurization.39 HMF hydrogenation
produces either 2,5-bis(hydroxymethyl)furan (BHMF) or with further transformation 2,5dimethylfuran (DMF) as seen in Figure 1.2. BHMF is useful as an intermediate in the synthesis of
drugs and other chemicals.36 Alternatively, DMF has properties comparable to gasoline, being
highly miscible with it. Its immediate use would be as a fuel additive as it possesses an energy
content of 30 kJ/cm3 (vs. 34 kJ/cm3 gasoline).37,40 This makes DMF a more valuable reduction
product than BHMF.
Conversion of HMF to BHMF occurs usually via chemical reduction. Hydrogenation has
been demonstrated on noble metal catalysts containing Au, Ag, Ru, Pt, Pd on basic metal oxide or
carbon supports and non-noble metal catalysts containing Cu. The reducing agents included
sodium borohydride (methanol) or sodium hydroxide (formaldehyde), or the reaction was done in
an H2 atmosphere sometimes at elevated temperatures.41,42 Selectivity and activity vary, but good
BHMF yield has been observed on Au, Pt, Ru, CuO-Cr2O3 catalysts to name a few.42,43 DMFs
current production occurs by hydrogenolysis using heterogeneous catalysts in a series of
consecutive 2-electron/2-proton reduction steps requiring 6 electrons and 6 protons. Usually a
longer reaction time diminishes side products. Established catalysts are Pd/C and Au/C but newer,
better versions are palladium-gold on carbon, ruthenium cobalt oxide or copper-ruthenium.40,44,45
The conditions vary but usually involve an organic solvent, temperatures above 25 oC and a
hydrogen source in the form of an acid or pressurized H2.40,44,45 Other reduction methods that
improve sensitivity and selectivity without lowering activity of catalysts are being sought out.

8
Figure 1.2 HMF reductions to BHMF via hydrogenation and subsequent hydrogenation and
hydrogenolysis of BHMF to DMF.

Few papers have explored electrochemical HMF reduction.37,39,46,47 Those that have,
initially focused on a wide range of metals from transition to Pt-group and post-transition metals.
In near neutral conditions (0.1 M Na2SO4) the metal electrodes Fe, Ni, Ag, Pd, Al, Co, Au and Cu
showed a trend in product distribution. Fe, Ni, and Ag were partial to BHMF irrespective of applied
potential, while on the others the potential affected selectivity.37 Another report used graphite,
copper, nickel, iron, platinum in an acidic water-ethanol mix.46 In this case DMF was produced
with 35.6% selectivity on Cu with BHMF as the main side product. The same report demonstrated
the effect of pH on selectivity where BHMF is favored at neutral pHs (77%, Pb). Most recently,
HMF reduction in buffered pH 9.2 borate solution on different Ag morphologies were compared.
Ag electrodes formed by galvanic displacement showed improved performance producing
selectivity and faradaic efficiency near 100% for BHMF when compared to sputtered Ag
electrodes. Under these conditions copper’s selectivity and efficiency for BHMF formation were
low (<40% both).47 Electrochemical HMF reduction using water as a hydrogen source is favorable
due to its tunability, use of mild conditions, and targeted reduction of selected functional groups
through electrode and potential control and as a result product regulation.

1.4

Electrochemical Synthesis of Catalysts
Important factors to consider when designing ideal catalysts include cost, synthetic method,

composition, catalytic ability and long-term utilization.48 Main methods for preparing supported
electrocatalysts are electrodeposition, hydrothermal synthesis and low temperature pyrolysis.17 Of
these, electrodeposition is superb as a synthesis tool in creating electrocatalysts because of its
simplicity. It provides many easily tunable parameters that can be correlated to distinct changes in
electrode composition and improvements in electrode performance. These include solution
composition, potential or current, substrate material, temperature and time. Additionally, since
catalysts are grown directly on the substrate this method ensures good electrical continuity. Finally,
considering eventual manufacturing costs, it is usually carried out under ambient conditions and
is also easily scalable.
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1.5

Evaluating Catalysts

1.5.1

Polarization Curves and the Tafel Relationship
The most basic method for comparing a heterogeneous electrocatalyst involves connecting

the electrode in a three-electrode cell, varying the potential and observing the responding current
i.e. obtaining a linear sweep voltammogram (LSV). The onset of current from the background
indicates a chemical reaction. For the cathodic reaction when negative potentials are scanned,
negative current indicates an electrochemical change or hydrogen gas formation. Information
about the amount of overpotential necessary to achieve a desired current can be obtained. Proper
cell set-up and suitable conditions must be used in order to obtain consistent and optimum results.
Additionally, constant potential experiments are also used to compare stability of catalysts. For
this, a basic understanding of mathematical description of electrode-electrolyte interface is
important.
The HER occurs via two mechanisms: Volmer-Heyrovsky or Volmer-Tafel.32,50 The first
step of either mechanism is discharge, which involves the adsorption of hydrogen ions and one
electron transfers. The second involves either or both electrochemical desorption and/or chemical
recombination. The reactions are given by equations 1.6-1.8. Evaluation of data obtained from
polarization curves helps in determining how the reaction progresses at the electrode surface.

STEP I

M + H+ + e- → M-Hads

(Volmer)

Equation 1.6

STEP IIa

2M-Hads → 2M + H2

(Tafel)

Equation 1.7

STEP IIb

M-Hads + H+ + e- → M + H2

(Heyrovsky) Equation 1.8

The Butler-Volmer equation (Eq. 1.9) characterizes the kinetics of chemical species in
heterogeneous electrochemical reactions. First, the observed current on an electrode is related to
the applied potential and depends on concentrations of reduced (CR) and oxidized (CO)
electroactive species, standard rate constant (ko), temperature (T), the charge transfer coefficient
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(α=0.5), the number of electrons (n), applied potential (E), the standard reduction potential, (Eo),
Faraday’s constant (F) and ideal gas constant (R).

F
F
 n
(E  E o' )
(1 )n
(E  E o' ) 

RT
i  nFk o CO (0, t)e RT
 (CR (0, t)e




Equation 1.9

Information about the reaction rates can be obtained by reducing the Butler-Volmer equation.
Under equilibrium conditions or when the rates of the forward and back reaction are equal, and no
net current exists, and surface concentrations of active species equal bulk concentrations the
following equation results.49

F
(1 ) n
( E  E eq ) 
  n F ( E  E eq )
RT
i  io  e RT
e




Equation 1.10

Where Eeq is the equilibrium potential and a new term io emerges as the exchange current density.
This parameter represents the kinetics of the reduction (and oxidation) reaction and is proportional
to the rate of the forward and back reaction at equilibrium. Even further, at high overpotentials the
back reaction can be neglected as the 2nd term in Eq 1.10 approaches zero. The difference in applied
potential and the equilibrium potential gives the overpotential, η, as discussed earlier. A linear
relationship can be observed between overpotential and log current density as given by the Tafel
equation. A new and important parameter b, called the Tafel slope emerges.

log |i| = (1/b)η + log io

Equation 1.11

The Tafel slope indicates the extent to which applied potential generates high current
densities. It can also give insight into which reaction step is rate determining, however, additional
methods and deeper analysis of information compared to that obtained from polarization curves
must be employed.50 From the Tafel equation, the potential-dependence of the electron transfer
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currents and effects on the Volmer and Heyrovsky steps and their Tafel slope seem apparent.
However, what is not so apparent is that potential-dependent hydrogen surface coverage produces
potential-dependent Tafel slopes.51 Even further, some studies have indicated that the rate
determining step (r.d.s.) may change over the course of the reaction.51 Practically, polarization
curves in the cathodic region are obtained on HER catalysts in acid. They are a graphical
representation of the Eq.1.9. However, the data is further interpreted to produce Tafel plots and
obtain the two parameters io and b from Eq. 1.11. With respect to creating equilibrium conditions,
solutions are purged using either Ar or N2. Studies have shown that the absence of presence of H2
at the beginning of the experiment does not alter the reaction’s thermodynamics or kinetics.
Typically, the exchange current density for the same electrode depends on the half reaction
being studied. When the same reaction is compared on different electrode materials, the exchange
current varies. Further when the same reaction is compared on different surface morphologies, the
exchange current varies. This trend, as previously mentioned, is used to identify potential good or
bad catalysts. Pt-group materials have high io values ranging from 10-1 to 100 mA/cm2 while Au is
around 10-4 mA/cm2.21,23 For the HER, when the Volmer step is the r.d.s., the rates of the other
steps are not considered and the expected Tafel slope is 120 mV/dec.50,51 When the Heyrovsky
step is rate determining, two slopes emerge, one in the low overpotential region (40 mV/dec) and
one at high overpotentials (120 mV/dec). Hence, observed slopes near 120 mV/dec are somewhat
ambiguous and further understanding of catalysts and hydrogen surface coverage would be
required to give definitive r.d.s.. Lastly, a slope of 30 mV/dec is observed when the Tafel reaction
is rate determining. Hence, the values obtained for b can be loosely used to indicate the rate
determining step. Since Pt-like materials generally have low slopes of 30-40mV/dec, low slopes
are used as an indicator of good HER catalysts.50 The above values are theoretical and slopes for
real catalysts rarely match these values exactly.
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Figure 1.3 Example of a Tafel plot log i v η in a real system showing the slope (1/b) and y-intercept
(io). There is a small linear region outside of which deviations are found. Near equilibrium the
backward reaction contribute to the current while at large overpotentials mass transfer effects limit
current.

Other than exchange current density and Tafel slopes, the ability of a catalyst to maintain
a current density of 10 mA/cm2, an average of solar-fuel conversion devices, is an important
indicator of catalyst stability.52 An important factor that arises when comparing catalyst activity
and stability, especially at high overpotentials, is mass transfer. Inaccuracies in polarization curves
result when transfer of electrolyte to and product/bubbles away from the electrode surface is not
optimized, causing lower currents. One reason is low electrolyte concentration and mobility cause
large differences in the surface and bulk concentration of the electrolyte. This can be avoided by
using a highly conductive or concentrated electrolyte solution and by stirring or employing a
rotating disk electrode. Mass transfer effects are more detrimental in the high overpotential region
where bulk and surface concentrations may vary due to large amounts of product being formed at
the interface. Ways to combat these effects are discussed in a later section.

1.5.2

Electrochemical Impedance Spectroscopy- Ohmic Drop Determination
Imperfections in the circuit created when electrolytes contact electrodes (working electrode

(WE), counter electrode (CE) and reference electrode (RE)) cannot be avoided. The
electrochemical cell can be approximated to a simple equivalent circuit containing capacitors and
resistors.53,54 Figure 1.4 illustrates the electrode-electrolyte interface and their corresponding
circuit elements. When the WE, electrocatalyst, is submerged in solution, ions in the electrolyte
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build layers of alternating charge to cover the electrodes surface. This is called the double layer.
The main contributors of impedance or Ohmic drop depend on cell design and operating conditions
but generally occur due to the double layer capacitance (Cdl), electron transfer resistance (Rp),
solution resistance (Rs) and diffusion of reactants (Zw). Methods used to reduce these
contributions and reconstruct or correct polarization curves are explained further.
The solution resistance is attributed the distance between the WE and RE which causes an
Ohmic drop. This results in the current measured being less than what is experienced at the surface
of the electrode. The double layer capacitance causes a nonfaradaic component due to charging of
the double layer. Polarization resistance depends the conductive nature of the electrode and
electrolyte. Lastly, the Warburg impedance is due to mass transfer effects. As previously discussed
in the high overpotential region the Butler-Volmer equation predicts limiting current.
Electrochemical Impedance Spectroscopy describes a technique that is done in conjunction with
obtaining polarization curves to correct fort these components.53 Using the same experimental setup, different circuit components can be approximated by imposing a range of AC frequencies on
applied potential and recording the phase changes in responding current. Software then
approximates the contributions from a collection of modeled circuits and scientists represent data
using Nyquist or Bode plots. From these plots values for different circuit elements are obtained.
More and more studies are incorporating these data in their reports of figures of merit for catalyst
activity.
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RE

WE

Figure 1.4 Schematic showing electrode-electrolyte interface for electrocatalyst during
electrochemical reaction. The equivalent circuit components are shown.

1.6

Beyond Electrocatalysis
Solar energy is at the forefront of renewable energy resources because it is clean and

abundant. Although sunlight is readily accessible and available, harnessing its energy to generate
electricity or fuels requires the use of semiconductors. Studies on semiconductors have elucidated
the challenges of photoelectrochemical cells to be absorption (band gap), band positions, electronhole mobilities and interfacial kinetics.55 A major challenge faced by even the best photoelectrodes
is interfacial kinetics. If e-/h+ pairs generated are not used quickly they create a bottleneck
(recombination, photocorrosion) for the overall reaction resulting in slow reaction rate and low
solar energy conversion. To overcome these challenges electrocatalysts can be electronically
matched and placed on a photoelectrode, thereby optimizing the H+ surface coverage and/or
lowering the bias necessary for reduction.56 Platinum is still one of the most commonly used
materials for coating photocathodes, however recently MoS2 was coupled to Cu2O for
photoelectrochemical hydrogen evolution.57 With respect to the oxygen evolution reaction (OER),
in the last 10 years Nocera et al. developed a cobalt-phosphate based catalyst which was later
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paired with iron oxide and other photoanodes for improved kinetics towards the OER.58-60 Recent
demonstrations have successfully shown biomass photocatalysis (HMF, ethanol, glycerol, sorbitol)
at BiVO4 and WO3 photoelectrodes.47,61,62 In these cases, the photovoltage provided by sunlight
lowers the electrical energy input for biomass conversion. The importance of pairing
electrocatalysts to photoelectrodes for efficient fuel production is clear.

1.7

Outline of Dissertation
Work presented herein involves novel synthesis and modification of molybdenum sulfide

(MoS2) electrodes for the HER, electrodeposition of copper electrodes for biomass conversion to
useful products as well as exploratory synthesis using room temperature, water stable ionic liquids.
In Chapter 2 molybdenum sulfide, a layered semiconductor with known catalytic properties
for HER is synthesized with a new, high surface area morphology. As discussed previously,
different planes of the same material are known to have differing catalytic abilities. Reports on
electrochemical synthesis of MoS2 electrodes have generally produced flat films. The synthesis
method uses metal co-deposition then dissolution to achieve a nanoporous film. Electrocatalytic
abilities of electrodes with the two molybdenum sulfide morphologies were compared. Their
performance was on par with electrodeposited films at that time. Little difference between the
performance of the flat and nanoporous electrodes prompted work in the next chapter.
In Chapter 3, modifications are made to the nanoporous molybdenum sulfide to lower the
overpotential necessary to generate high current densities for HER. These modifications include
Co and Pt metal additions to the film’s surface using different electrodeposition and surface
treatments. The effect of the modification method, transition metal type and film content were
estimated. Step wise improvements in onset potential were observed and compared to the same
modifications on the flat MoS2 electrode. The enhancements observed for the Co and Pt
demonstrated the promoter ion effect. The increase in exchange current densities and decrease in
Tafel slopes approached that of best MoS2 catalysts and platinum. Furthermore, unexpected
oxidation during surface modification lead to a highly active, stable but not well-defined catalyst
when compared to other modifications.
In Chapter 4 electrodeposited copper based electrodes are used for HMF reduction in
neutral media. Differences in catalytic ability of copper foil and electrodeposited copper films were
studied. Surface analysis of films was used to link oxidation state to selectivity and efficiency of
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catalysts. Like previous reports, high selectivity for BHMF was observed. However, higher
efficiencies than previously reported on Cu foil were obtained. The nature of the films’ surface
composition was studied to identify differences that could account for improved catalytic ability.
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CHAPTER 2. ELECTROCHEMICAL SYNTHESIS AND
CHARACTERIZATION OF MoS2 ELECTRODES WITH A NOVEL
MORPHOLOGY

2.1

Introduction
Platinum (Pt) and Pt-based materials are known as the most efficient catalysts for the H2

evolution reaction. 1-2 However due to the cost of Pt-based materials, a continuous effort has been
made to develop more commercially viable hydrogen evolution catalysts based on non-precious
metals. Recently, molybdenum sulfides (MoS2, MoS3, MoSx, [Mo3S4]4+) have been identified as a
good electrocatalysts for H2 evolution in acidic media.3-6 More specifically only the MoS2-edge
sites where atoms with unsaturated coordination are exposed at the edge of the MoS2 layers, which
is shown as R-surface in Fig. 1, act as the active site for H+ adsorption and subsequent electron
transfer.7 The basal sulfur plane, which is referred to as N-surface in Figure 2.1, has been shown
to be inactive. However, MoS2 has a two-dimensional layered structure (Fig. 2.1) and is usually
prepared or electrodeposited with a flat featureless morphology, minimizing the number of edge
sites exposed. Therefore, it is highly advantageous to produce nanostructured MoS2 to increase the
number atoms exposed on the edges.
Molybdenum sulfides can be synthesized in many ways including chemical bath deposition,
chemical vapor deposition, hydro- and solvo-thermal syntheses and electrochemical synthesis to
produce monolayers, nanospheres, nanotubes, microspheres, fibers, ball, tube-like and slab
morphologies.8-19 Current methods for creating high surface area or nanoparticulate MoS2 are
varied with many being expensive or complicated multistep processes. We describe in this work
the electrodeposition of nanoporous MoS2 thin films via Zn co-deposition.
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Figure 2.1 Crystal structure of 2H-MoS2 showing R- and N-surfaces. The unit cell is outlined in
green.

Electrodeposition provides a quick, easily tunable and uncomplicated method for
production of molybdenum sulfide thin films. Electrodeposition of MoS2 from the one-pot
tetrathiomolybdate precursor has been well studied;20,21 however there have been very few studies
using this method to produce a nanoparticulate porous framework. Aqueous systems using the
tetrathiomolybdate precursor also have the disadvantage of being unstable. Reduction of Mo(VI)
to Mo(IV) depends on the availability of protons to capture the released sulfide ligands.

MoS42- + 4H+ + 4e- → MoS2 + 2H2S

Equation 2.1

Decomposition of MoS42- to MoS3 occurs in aqueous solution before electrochemical synthesis
begins.22 Hence, in this work to produce MoS2 with two morphologies formamide is used as the
solvent.
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2.2

Experimental

2.2.1

Materials
Ammonium tetrathiomolybdate ((NH4)2MoS4), formamide (CH3NO), sulfuric acid (H2SO4

95-98%), nitric acid (HNO3 70%), hydrochloric acid (HCl, 36%), platinum foil (Pt, 99.9%) and a
graphite rod (C) were obtained from Sigma Aldrich. Ammonium chloride (NH4Cl), potassium
chloride (KCl), zinc chloride (ZnCl2.xH2O) and isopropyl alcohol (IPA) were obtained from
Mallinckrodt. Molybdenum sulfide (MoS2, 98%) was obtained from Alfa Aesar. Inductively
coupled plasma- optical emission spectra standards for molybdenum (1000 ppm Mo), sulfur (1000
ppm S) and zinc (1000 ppm Zn) were obtained from Exaxol. All were used as purchased. Aqueous
solutions were prepared with DI water further purified with a Millipore Milli-Q purification system
(resistivity ≥ 18 MΩ).
A standard three-electrode set-up was used where all electrochemical experiments were
done on a Princeton Applied Research VMP2 Multichannel Potentiostat/Galvanostat. The working
electrode consisted of a 1000 Å gold layer deposited on a 200 Å titanium layer on a glass slide by
electron beam evaporation. A graphite rod (C-rod) counter electrode was used. The reference
electrode was an Ag/AgCl in 4M KCl against which all potentials were measured.

2.2.2

Electrodeposition of 2D MoS2 Electrodes
Flat MoS2 electrodes were electrodeposited by a known modified procedure.21,23 A

potential of -0.6 V for 97uAh/cm2 was applied in a bath containing 2 mM (NH4)2MoS4, 0.04 M
KCl and 0.2 M NH4Cl in formamide solution. The temperature of the bath was maintained at 110
o

C.

2.2.3

Electrodeposition of Nanoporous MoS2 Electrodes
Nanoporous (np) MoS2 electrodes were electrodeposited from a 2 mM (NH4)2MoS4, 0.04

M KCl, 0.2 M NH4Cl and 0.05 M ZnCl2 formamide solution using alternating pulsed potentials of
-0.6 V and -2.0 V each lasting 30 s for a total of 15 min. The temperature of the bath was
maintained at 110 oC.
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After each deposition the resulting film was gently rinsed with de-ionized (DI) water and
isopropyl alcohol. All films were annealed at 400 oC, unless otherwise noted, for 1h in Ar stream
after which those co-deposited with Zn were soaked in H2SO4 for 1 h to remove the zinc.

2.2.4

Characterization
UV-vis absorption spectra were recorded on a Cary 300 UV-Vis spectrophotometer in

transmittance mode using films deposited on a transparent substrate. X-ray Diffraction (XRD)
patterns were recorded on a Bruker D8 Advance powder diffractometer with Lynxeye detector (Cu
K radiation). Scanning Electron Microscopy (SEM) images were obtained using a LEO Supra
55 VP field emission microscope operated at 5 kV. Energy Dispersive X-ray (EDX) Spectroscopy
was obtained on field emission SEM (FEI Nova NanoSEM) at 20 kV accelerating voltage. The
EDX data was analyzed using an Oxford Inca system coupled to the FEI Nova NanoSEM. The
samples were first sputter coated with a coat of platinum. X-ray Photoelectron Spectroscopy (XPS)
was obtained on either a Kratos Ultra DLD spectrometer using monochromatic Al K radiation,
on a PHI5400 X-ray spectrometer using Mg K radiation or on a Thermo K-alpha spectrometer
using monochromatic Al Kα radiation.

Inductively Coupled Plasma Optical Emission

Spectroscopy (ICP-OES) was obtained on a Perkin Elmer Optima 2000 DV spectrometer. Raman
Spectroscopy was obtained using a Thermo Scientific DXR Raman Microscope using a 633-nm
laser.

2.2.5

Preparation of Solutions for ICP-OES
The blank solution was prepared by mixing 1.25 mL HNO3 and 3.75 mL HCl (volume ratio

1:3) then diluting to 45 mL to form an ~ 5% acid solution. All commercial standard solutions (Mo,
S and Zn) were diluted with using the blank solution to form standard solutions of appropriate
concentrations (1-10 ppm). All thin films with geometric surface area of 1.8 cm2 were dissolved
in aqua regia (mixture of 0.2 mL HNO3 and 0.6 mL HCl) then diluted using the blank solution to
form ~5% acid solutions.
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2.2.6

Electrochemical Measurements
Capacitance and electrochemical tests were used to correlate structure and catalytic ability.

In a standard 3-electrode cell current-potential (i-E) curves were obtained in a H2SO4 ~pH 0 (25
mL concentrated 18 M H2SO4 in 765 mL of DI water) solution at room temperature (23 oC) purged
with inter gas (Ar/N2). A C-rod counter electrode was used. A two-compartment cell was used to
estimate catalytic ability.
To estimate relative surface area, cyclic voltammograms were obtained at scan rate from
0.5 mV/s to 100 mV/s within 50 mV of the open circuit voltage (Voc).24,25 Then to test catalytic
ability a constant potential of -0.4V vs Ag/AgCl was applied to all electrodes for 5 min. Then
linear sweep voltammograms (LSV) of MoS2 electrodes were obtained by scanning potentials
from the Voc to -0.4 V with a scan rate of 5 mV/s.

2.3

Results and Discussions

2.3.1

Effect of Annealing on Flat MoS2
Molybdenum sulfide is a layered semiconductor that is electrodeposited as an amorphous

phase MoSx, which generally has a flat, featureless morphology. Hutchinson et al previously
reported high temperature synthesis of MoS2 from the thiomolybdate precursor and ethylene glycol
where the resulting film had a rough surface but was not nano-structured. Descriptions of the
electrochemical reduction of thoimolybdate involves the simultaneous reduction of the Mo(IV)
center and removal of sulfide ligands. The role of NH4Cl is not just as a supporting electrolyte but
as a proton donor as when this deposition is attempted without ammonium chloride, in a nonaqueous environment, no film results.21 We were able to deposit film with similar flat
morphologies from a formamide solution at various cathodic potentials. However most consistent
results were obtained from electrodes deposited at -0.6 V for a 97 Ah/cm2 charge passed.
The direct band-gap absorbance (Eg = 1.76 eV, see Fig. 2.2) and XRD pattern confirmed
that annealed samples are MoS2 while the as-deposited material is X-ray amorphous. Figure 2.3
shows the only reflection observed for these films was a broad (002) peak. As previously reported,
the amorphous nature of the as-deposited film was also observed when an ethylene glycol
deposition bath was used. 21,23 Reports by Patel of an as-deposited polycrystalline MoS2 thin film
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from aqueous solution using molybdate (MoO42-) and thiosulfate (S2O32-) precursors could not be
reproduced. Because the as-deposited film was not MoS2, it was not chemically stable in acid and
the morphology changed once exposed to the pH 0 H2SO4 solution. Additionally, when a cathodic
potential was applied to the as-deposited film with the aim of creating Mo(IV) centers, its chemical
resistance did not improve and much of it still dissolved. Hence no further electrochemical tests
were done without annealing.

Figure 2.2 UV-Vis spectra of a flat MoS2 electrode deposited at -0.6 V before (dashed line) and
after (solid line) annealing. Spectra of the nanoporous electrode (not shown) did not indicate that
the material had a bandgap.

Annealing flat MoS2 films at 300 oC or above caused an increase in the intensity of the
(002) reflection and the rough surface to become very flat either or both of which had a large effect
on the H2 evolution capability. As shown in Fig 2.4-b, as the annealing temperature was increased
the electrode performance became better up to 400 oC. Annealing at 500 oC weakens the adhesion
of Au to the glass substrate and the film eventually falls off the electrode in the acidic solution.
The effect of annealing temperature on electrode conductivity could be two-fold. On one hand, an
increase in crystallinity is good for electrochemical stability of MoS2 (Mo4+ may be stable toward
reduction because orbital overlap of Mo4+ centers allows easy electron transfer).26 Alternatively, a
possible reason for the poor performance of this same electrode is the increase in crystallinity.
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Because of MoS2 layered structure, conductivity along the c-axis is poor and potentially fewer Rsurfaces are able to be catalytic when oriented along the (002). When the performances of the
above electrodes are compared, using geometric area the best performer was deposited at -0.6 V
and annealed at 400 oC and it required an overpotential of 315 mV to generate 10 mA/cm2geometric.

Figure 2.3 XRD spectra of 2D and nanoporous molybdenum sulfide electrodes after annealing at
400 oC. The nanoporous film is amorphous. Starred peaks (*) are due to Au/Ti substrate.
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Figure 2.4 The effect of annealing temperature on (a) morphology of 2D MoS2 electrodes asdeposited (blue), annealed 300 oC (green), annealed 400 oC (orange) and annealed 500 oC (red).
The corresponding (b) i-E plot showing catalytic ability and (c) capacitance plot comparing
relative surface area of the above electrodes.

Specific capacitance (Csp) of a material can be used to quantitatively determine the area of
an electrode (by measuring the capacitance). However, since the Csp of MoS2 is not known, the
overall capacitance i.e. the capacitance of each film is used to qualitatively compare surface areas
of the molybdenum sulfide electrodes. This method involves scanning a small potential window
(25 mV of Voc) at various scan rates. The slope of the i-ν (where v is the scan rate) plot equals
the capacitance which is directly related to the actual surface area (A) as C = Csp*A. The asdeposited flat electrode with a capacitance of 12.4 C has an actual surface area that is ~3.5 times
that of the 400 oC electrode and almost 8 times that of the 500 oC electrode (Fig. 2.4). As expected
some surface roughness is lost when 2D films are annealed. Also since H2/H2S generation is part
of the mechanism for molybdenum sulfide film growth, when more negative deposition potentials
were used the deposition was less efficient. This was experimentally observed when the
capacitances of the 400 oC annealed flat electrodes were compared. The film deposited at -0.6V
has a capacitance of 3.38 C which is approximately twice that of one deposited at -2.0V for similar
time (data not shown). There was no appreciable change in catalytic ability among these electrodes.
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2.3.2

Increasing Surface Area of MoS2 Electrodes
For electrocatalysis, increased exposure of MoS2 edge sites (R-surfaces) is desirable. The

difficulty in drastically altering the flat morphology using electrodeposition i.e. varying solvent,
temperature and deposition potential is known.21, 23 The lowest energy face of MoS2 is the basal
plane with S completely coordinated. According to crystal nucleation and growth models, high
energy faces grow faster and become small or disappear as crystals grow. Hence the low energy
faces such as the basal plane stabilize the MoS2 thin film formation. Additionally, the affinity of
gold to sulfur encouraged growth of the S terminated basal plane parallel to the substrate’s surface.
The use of formamide with its increased boiling point provided the advantage of a wider
temperature window for deposition. An increase in temperature caused fast film growth which
produced a roughened film; however, the rough electrode surface was lost on annealing. The
morphology did not change drastically even with the vigorous H2 evolution and H2S formation
that simultaneously occurred on the electrode’s surface when a very negative potential was applied.
Metal co-deposition under constant potential deposition also failed to created nanostructure that
could survive the annealing process. Ultimately, the combination of pulsed potentials and metal
co-deposition produced a nanoporous electrode (Fig. 2.5). The metal salt chosen was ZnCl2
because it does not complex the MoS42- precursor as easily as many other 2+ transition metal
cations (Ni, Co, Cu, Fe) especially at the thiomolybdate concentrations used. The zinc material
(Zn, Zn(OH)2, ZnO) was removed using pH 0 H2SO4 as it is the electrolyte to be used for catalytic
experiments. After annealing, the films were placed in a gently stirred bath for 1 h, and then gently
rinsed thoroughly with DI water and IPA. The electrodes were then used with or without air drying.
Figure 2.3 shows both the lack of the (002) reflection for flat MoS2, or any other reflection
indicating the films deposited from this condition are X-ray amorphous.

30

Figure 2.5 SEM images of (a) 2D and (b) nanoporous molybdenum sulfide electrodes deposited
on Au/Ti showing flat cracked morphology and particulate morphology of films.

When an annealing temperature of 400 oC was used, the capacitance of np-MoS2, 3.75 C
(Fig. 2.11-a), was surprisingly similar to that of 2D MoS2. This result is best explained by
considering the appearance of the flat films (Fig 2.5). Firstly, their thickness is almost twice that
of the np-MoS2. Secondly, numerous deep and wide cracks in the flat films only serve to increase
the accessible surface area. Additionally, the extremely small pore size of np-MoS2 almost
guarantees no electrolyte reaches near the film near the substrate surface during electrochemical
measurements. Since geometric film areas will be compared for the rest of this study, films chosen
to represent the flat morphology (2D MoS2) were deposited at -0.6V and annealed at 400 oC.

2.3.3

Optimizing Nanoporous MoS2 Deposition Conditions
When the effect of Zn2+ concentration and deposition potential on electrode morphology

and hence performance for HER were explored, the result was surprising. The deposition bath
concentration of Zn2+does not have a drastic effect on electrode catalytic ability, and the general
trend of better more consistent electrode performance is observed when the deposition potential is
more cathodic (Fig. 2.6). A deposition bath consisting of 50 mM Zn2+ was chosen as the best
deposition condition because of film consistency and the morphology produced. The nanoporous
molybdenum sulfide electrode is made of particles ranging from 25 to 100 nm. The larger particles
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are most likely due to agglomeration during growth and/or annealing. The average pore size is 2030 nm but can be as large as 100 nm. A smaller distribution in pore and particle size was not
observed by varying deposition conditions. Nanoporous MoS2 films were X-ray amorphous and
lacked the optical transition near 1.8 eV both before and after annealing at 400 oC. Additionally,
EDX Spectroscopy, a common technique used to determine thin film compositions, was not
appropriate to determine Mo to S ratios as there exists an overlap between Mo L and S K line
emissions near 2.30 eV.27 The composition of these films will be addressed later using other
spectroscopic techniques.

Figure 2.6 Polarization curves of nanoporous films deposited from (a) 10 mM, (b) 25 mM and (c)
50 mM ZnCl2 solutions at various pulsed potentials. Films deposited with pulsed potentials of 0.6V for 30 s and either -1.0 V (violet), -1.25 V (blue), -1.5 V (green), -1.75 V (orange) or -2.0V
(red) for 30 s respectively. Although all films can generate 10 mA/cm2 during the HER with an
applied potential of -0.335 V ( 35 mV), bath (c) and a negative potential of -2.0V pulse give the
most reproducible films.

2.3.4

Determining Identity of Nanoporous Molybdenum Sulfide
Since the np-MoS2 film was X-ray amorphous and failed to show the expected direct

bandgap (1.7 eV < Eg > 2.0 eV), Raman spectroscopy was employed to further characterize this
new morphology. As expected, the Raman shifts of 2D MoS2 compared well to commercially
available MoS2 powder showing the major shifts corresponding to E12g, A1g, and 2 x LA(M)
(longitudinal acoustic phonon) modes (Fig. 2.7). The location and assigning of the prominent lines
are given and have been adapted from recent studies.28, 29 The few differences between commercial
MoS2 powder and 2D MoS2 can be explained by considering the poor crystallinity of 2D MoS2.
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The emergence of the fundamental LA(M) shift near 230 cm-1 is well documented by Frey et al.
and due to the layer thickness (< 300 nm Fig. 2.5) or nanoparticulate/nanocrystalline nature of the
flat electrode.30 Many studies document the lack of the LA(M) for MoS2 with less than 10 layers
(~ 120 nm). Most importantly, the np-MoS2 film showed none of the expected Raman shifts and
no peaks in general in the 100 – 500 cm-1 frequency range sampled.

Figure 2.7 Raman spectra of 2D MoS2 film (—), np-MoS2 film (·····) and MoS2 powder (—).
Location and designation of the prominent lines adapted from references [29, 30].

XPS of both the 2D MoS2 film and np-MoS2 film were first compared in order to check
whether there is any compositional difference between these two samples as well as to investigate
the nature film surfaces that act as the catalyst. The Mo 3d peaks could be convoluted to four
different peaks that were assigned to Mo(IV), Mo(V), Mo(VI) and Mo (II- III) oxidation states
(Fig. 2.8-a, Fig. 2.9-a). For both samples the major oxidation state of Mo was Mo(IV) (80% 2D
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MoS2 and 68% np-MoS2) but the presence of more oxidized species, which should be caused by
intrinsic surface modification (i.e. surface atoms adopting the surface environment achieved
without intentional doping) was also detected. However, the nanoporous film showed a much
higher content of the more oxidized Mo species, which makes sense considering much larger
uncoordinated area on the surface. More reduced Mo species (i.e. II-III) were also detected.
The two main S 2p peaks, sulfide and disulfide, were present in both nanoporous and 2D
MoS2. There was more disulfide in np-MoS2 than 2D MoS2 with up to 36% S22- compared to 12%
S22- respectively. In the nanoporous film, the formation of disulfide (S—S linkages on R-surfaces,
see Fig. 2.1) is possible only on the surface where Mo and S atoms are forced to modify their
coordination environment or oxidation states to make up for the surface termination. The minor
presence of oxidized S species may be attributed to sulfate, which is present due surface oxidation.
Before electrochemical tests, the resulting Mo to S ratio in the 2D and np films are 1:1.8
and 1:1.3-1.4, respectively. The np films which have a much higher edge-site Mo and S than Mo
and S within the layer, and therefore has a more severe deviation from 1:2. To balance the charge,
the anion deficiency of both films may be compensated by incorporation of oxygen in the form of
oxide. Indeed, when comparing the O 1s region of XPS, it was clear that the np contains a
significantly more oxygen although quantitative analysis was not attempted as oxygen is always
present due to contamination from carbon containing molecules in the air.33,34 Methods to
determine film oxygen content such as ion sputtering with depth profiling were not attempted.
From the XPS results, it was also revealed that the np film still contains about 3-4 % zinc. It seems
that zinc was incorporated into the MoS2 surface either during the deposition or annealing process.
It appears that once zinc is incorporated into the Mo-S framework, it cannot be removed by the
dissolution in pH 0 sulfuric acid where zinc or zinc oxide easily dissolves. The chemical stability
of the Zn incorporated film hints to Zn2+ rather than Zn0 being part of the catalyst. From the binding
energy alone assigning zinc’s oxidation state is known to be difficult, as the Zn 2p3/2 peaks for Zn0
and Zn2+ compounds are separated only by a small binding energy shift.35,36 Oxygen binding
energies are sometimes used, but they were not useful in this case. Attempts at assigning peaks
using the following reference compounds, Zn metal, ZnO and ZnSO4, were inconclusive.
Literature suggests for chemical state analyses the use of Zn LMM Auger spectra at 980-1000 eV
kinetic energy is best. This is because there are larger energy shifts for different Zn chemical states.
The identity of the Zn species was not further explored. The ICP-OES analysis shows that the Mo:
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Zn atomic ratio is 1: 0.02 - 0.08. It is believed that this ratio is for considering the entire film but
zinc incorporated only into the surface forming a Zn-Mo-S phase would generate a much higher
bulk Mo to Zn ratio.

Figure 2.8 XPS spectra of 2D MoS2 (a) before and (b) after electrochemical tests where resulting
surface compositions are MoS1.82 and MoS1.78 respectively. Mo is present as Mo(IV) (blue) and
Mo(VI) (pink) while S mostly as sulfide (purple) and disulfide (green).
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Figure 2.9 XPS analysis of nanoporous electrode (a) before and (b) after electrochemical tests
where resulting ratios are MoS1.33 containing 3.5 at % Zn and MoS1.24 containing 1 at. % Zn
respectively. Mo is present mostly at Mo(IV) (blue) before and after tests with similar amounts of
Mo (VI) (pink). Disulfide (green) is electrochemically reducd to sulfide (purple) during HER and
its contribution in the film decreased after testing.
2.3.5

Evaluating Catalytic Ability of 2D and np MoS2 Electrodes
The resulting catalytic ability of 2D and nanoporous molybdenum sulfide electrodes are

somewhat dependent on the counter electrode used during film deposition. Deposition with a Ptfoil counter was faster (higher current density) than with a C-rod counter for 2D MoS2, while the
opposite was true for nanoporous film deposition (see profiles in Fig. 2.10). From capacitance
measurements, the four resulting electrodes have about the same actual area (between 3.2 C and
3.7 C in Fig. 2.11-a) but comparing 2D electrodes, films deposition with C-rod counter were
slightly more catalytic. However, with the nanoporous electrodes, films deposited with a Pt foil
counter generated slightly higher current densities for HER. Although a nanoporous molybdenum
sulfide electrode with increased exposure of R-surfaces was created, when comparing electrodes,
the expected enhancement in catalytic performance over the 2D morphology was not observed.
Between the 2D and np molybdenum sulfide, on average there was only a 30-mV difference in the
overpotential required to generate the standard 10 mA/cm2geometric (overpotentials were 315 and
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285 mV respectively Fig. 2.11-c). To explain the benefit of np-MoS2 deposited with platinum
counter electrode, it was speculated that Pt was inadvertently oxidized, dissolved and reduced
during film formation. However, the lack of an aqueous deposition bath restricted the
electrochemical oxidation and dissolution of Pt. Additionally, all methods of characterization
(ICP-OES, XPS) indicated the MoS2 films contained no Pt. Comparing electrodes with flat and
nanoporous morphologies, electrodes deposited with lower current densities had slightly better
catalytic performances regardless of the counter electrode.

Figure 2.10 Deposition profiles of 2D (left) and nanoporous (right) molybdenum sulfide electrodes
using Carbon rod (black) and Pt foil (red) counter electrodes. A constant potential (-0.6 V) was
applied to deposit 2D electrodes while a pulse potential (-0.6V and -2.0V) was applied to deposit
the nanoporous electrodes.
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a

b

Figure 2.11 (a) Capacitance measurements and (b) HER LSVs obtained in pH 0 H2SO4. 2D (solid)
and nanoporous (dot) molybdenum sulfide electrodes electrodeposited using Carbon rod (black)
and Pt foil (red) counter electrodes. Although all electrodes show similar capacitances around 3.16
to 3.75 µF hence similar surface area, the nanoporous morphology electrodes have a slightly better
performance.

When comparing the performance of electrocatalysts, the relationship between current
density and overpotential is well described by the Tafel equation.37 It provides additional
information such as the exchange current density and the Tafel slope than can be used for more
thorough evaluations.
The mechanism for electrochemical production of hydrogen on a metal electrode is well
studied.38-39 The steps are outlined in Figure 2.12.
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Step I
Volmer (discharge)
H+ + e- + M ↔ M-Hads
Step II
Heyrovsky (electrochemical desorption)

Step II
Tafel (chemical recombination)

M-Hads + H+ + e- ↔ M + H2

2 M-Hads ↔ M + H2

Figure 2.12 A schematic showing the steps of the HER in acidic media on a metal surface (M).
Step II can be either or both desorption and recombination. On a good catalyst, like Pt, discharge
is never the rate determining step.

The first step involves the adsorption of H+ where an electron is transferred from the
catalyst to the proton. The second step can be either the electrochemical desorption or chemical
recombination of the adsorbed hydrogen to form H2. The Heyrovsky and Tafel reactions are in
competition and the faster of these two is usually the rate determining step for the overall reaction,
as at a catalytic surface for HER the adsorption of H+ is usually not limiting. There are many
parameters involved in describing this reaction such as the surface coverage of the catalyst. Surface
coverage occurs through underpotential and overpotential deposition where the free energy of
adsorption describes its potential dependence. Another parameter is the symmetry of the reaction
barrier, which is assumed to be 0.5. For a reversible electrochemical reaction at a metal electrode
the Tafel relation (Eq 2.3) can be used to obtain two factors that help describe the system albeit
for the purposes of this study not as completely as to determine the exact rate determining step. In
the Tafel equation values for current density (i) and overpotential are obtained from polarization
curves. Once the reversible reaction and reference electrodes and solution pH are accounted for
the overpotential () can be determined by Equation 2.4 where Eappl is applied potential and Eeq is
the equilibrium potential. The linear relationship between the natural log of current density and
overpotential can be used obtain the Tafel slope (b) and exchange current density (io) at low
overpotentials.
E (V vs. NHE) = E (V vs. Ag/AgCl) + 0.197 V

Equation 2.2

39
logi = /b + log io

Equation 2.3

 = Eappl – Eeq

Equation 2.4

Firstly, the slopes obtained from the Tafel plots for the two morphologies of MoS2 indicate
that their mechanisms of hydrogen production are different. The porous morphology has a slope
comparable to what has been previously reported for nanocrystalline MoS2 electrode on Au,
around 65 mV/dec (Fig. 2.13) indicating a similar HER mechanism, while as expected the flat
morphology has a higher slope than the porous morphology (75 mV/dec). The nature of this study
does not allow for a complete description of the HER at MoS2 surface and a definite assignment
of a rate-determining step is not possible however from literature a slope of 60 mV/dec indicates
the Tafel step is rate determining while a slope of 120 mV/dec indicates the Volmer step is rate
determining.6,39 The intermediate slopes observed for the two 2D MoS2 samples made here hint
that multiple rate determining steps exist during the course of the reaction. As a point of reference,
a Pt foil electrode having a slope of 35-40 mV/dec most likely produces H2 through a VolmerHeyrovsky type mechanism.6,39
Secondly, the exchange current density, which is a descriptor of how facile the kinetics of
a reaction is, gives us an approximation of the ability of the catalyst. The 2D MoS2 electrodes had
an io 1.5 - 4 times higher than nanoporous morphology c.a. 3 - 5 x 10-3 mA/cm2 geometric. The
above figures in a small way suggest that the flat morphology would be a better catalyst and
contradicts the Tafel slope results, however as discussed previously the small pore size of the
nanoporous film probably limits mass transport hence the entire inner pore surface is not accessed.
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Figure 2.13 Tafel Plots of 2D (solid) and nanoporous (dot) electrodes deposited using Carbon rod
(black) and Pt foil (red) counter electrodes. Nanoporous electrodes have lower slope of around 6065 mV/dec which is lower than 2D electrodes (75-80 mV/dec).

There is little change to the surface of 2D MoS2 due to electrochemical tests (MoS1.82 to
MoS1.78). Table 2.1 shows similar ratios for all molybdenum and sulfur species present. Conversely,
the amount of disulfide as well as the Zn concentration in the nanoporous electrode decreased after
electrochemical H2 evolution; the resulting surface composition was MoS1.24 (1 at. % Zn). The
disulfide was most likely reduced electrochemically to the more stable sulfide as the sulfide
content increased by a similar amount. There is still more oxidized Mo (V, VI) present in the
nanoporous electrodes than in 2D MoS2. Small differences in atomic ratios of various Mo
oxidation states before and after electrochemical tests, coupled with SEM images indicate that the
nanoporous molybdenum sulfide is stable toward reduction even with higher valence Mo.
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Table 2.1 Summary of XPS data for np MoS2 and 2D MoS2 before and after electrochemical tests.

Molybdenum
Sulfide Sample

Atomic %

Mo:S
x+

*Mo

2-

2-

Mo(IV)

Mo(V)

Mo(VI)

2D before testing

76.5-80.2

5.0-8.4

5.9-7.4

7.3-11.0

82.6-90.4

5.5-11.5

1:1.80-1.84

2D after testing

72.5-78.5

6.9-9.2

5.5-14.6

3.8-8.7

86.6-89.5

6.3-12.0

1:1.68-1.99

np before testing

57.5-68.3

15.2-19.3

13.1-23.2

1.9-3.5

61.9-75.9

22.0-36.7

1:1.33-1.46

np after testing

61.7-66.3

11.1-23.2

11.7-24.5

1.3-2.8

79.4-85.7

13.2-16.6

1:1.17-1.24

S

S2

* Refers to molybdenum species present at lower binding energies than Mo (IV).

Table 2.2 Exchange current densities, Tafel slopes and current densities at η= 100 mV and η = 300
mV for different MoSx electrodes. (Adapted from ref. 40)
Electrode Material

io, (mA/cm2geometric) b (mV/dec)

i, (mA/cm2geometric) i, (mA/cm2geometric)
at η= 100 mV
at η= 300 mV

1.3-3.1 x 10-4

55-60

0.2

̶

np MoS2 [19]

4.6 x 10-3

120

0

1.5

CoMoS2 [19]

̶

101

̶

4

MoS2/RGO [40]

̶

41

9

̶

2.2 x 10-4

120

2.5

16.5

0.4-1.5 x 10-4

40

0.4

160

1-2 x 10-3

60-65

0.3

11.5

np MoS2[7]

[Mo3S4]4+ [4]
Amorphous MoSx [5]
np MoS2
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2.4

Conclusion
Successfully shown here is a new and simple route for the synthesis of nanoporous

molybdenum sulfide which catalytically active towards HER. In the case of the 2D morphology
the active surface was MoS1.78 compared to MoS1.24 for the nanoporous electrode. However, the
chemical composition of the nanoporous films was found to be very different to the composition
of the flat film. Since the flat film has extensive cracks exposing catalytically active R-surfaces,
the nanoporous films did not have enhanced electrochemical water reduction kinetics as expected
as they possessed similar Tafel slopes. This was due to the extensive cracking of film exposing Rsurfaces in flat films. For the np-MoS2 the 285 mV overpotential required to reach 10
mA/cm2geometric was an small improvement over the molybdenum sulfide based catalysts in
literature but did not match amorphous MoSx.5 Extensive studies on molybdenum sulfide based
hydrodesulphurization catalysts and to a lesser extent HER catalysts indicate the beneficial effects
of Co, Fe and Ni atoms on R-surfaces of MoS2.19 The promoter ions are expected to lower the
energy of the initial H+ adsorption step in the HER reaction. Moving forward, the effect of
transition metal promoter ions on these two different morphologies will be evaluated in order to
compare catalytic abilities to recent studies of molybdenum sulfide for the HER.
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CHAPTER 3. SURFACE MODIFICATION OF MoS2 ELECTRODES FOR
ELECTROCATALYTIC EVOLUTION OF HYDROGEN

3.1

Introduction
Enthusiasm for the electrochemical production of hydrogen from water lies in the fact that

hydrogen is a very energy dense fuel and hydrogen combustion produces no carbon dioxide.1,2 It
is also possible that the overall CO2 emission can be reduced tremendously when coupled to solar
applications.2,3 Studies of suitable materials have progressed from bulk Pt (Pt-group) metal to thin
film Pt to monolayer Pt-type catalysts by attempting to lower the cost while preserving the active
surface for catalysis.4 The energy barriers for the hydrogen evolution reaction include two 1electron transfer steps. Volcano plots describe the dependence of the exchange current density on
the strength of the metal-H bond as a gauge of catalytic ability.

3,5

All planes of Platinum (Pt)

easily adsorb H+, with the (110) being best.6 Calculations and experiments explain this by showing
high exchange current densities (io = 4.0 x 10-1 mA/cm2) and the Gibbs free energy of H+ adsorption
(ΔGH+ads) near zero (Fig. 3.1). The ΔGH+ads indicates the spontaneity at which this process occurs
while the io shows how facile the kinetics are. More specifically at potentials more positive than
the reversible hydrogen electrode potential, Pt is being covered with a layer of adsorbed H+. This
underpotential deposited (UPD) layer then provides unique low energy sites for more adsorbed H,
at potentials where HER is possible.7 When Pt is a compositional additive to previously noncatalytic materials (like Au, C, W, Co, Ni, Zn, Mo and some alloys of these materials) it reduces
the energy associated with the first step in two ways.8, 9 Pt atoms increase the overall surface
coverage of H+, as well as it quickens initial electron transfer to form M-Hads. The mechanisms for
HER on the different Pt planes are not all the same, however, most studies have been inconclusive.
It is thought that although the Heyrovsky reaction dominates, the Tafel reaction (Eq. 3.2 and 3.3)
may work in parallel depending on the surface.7 Pt modification of HER catalysts like Ru, Pd,
NiMo works in a similar way.10
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Figure 3.1 Volcano plot of exchange currents density as a function of the DFT calculated Gibbs
free energy of adsorbed atomic hydrogen for nanoparticulate MoS2 and the pure metals taken from
reference [11]. Metals with positive ΔGH+ values adsorb H+ weakly while those with negative ΔGH+
values adsorb H+ too strongly.

The synergistic effects of Co on MoS2, when used as hydrodesulphurization (HDS) catalyst,
was originally thought of as a bulk interaction of the sulfide phases. Later spectroscopic methods
elucidated the presence of a CoMoS phase i.e. Co in MoS2 structure is responsible for better HDS
catalysis, hence the model of Co atoms on MoS2 edge sites became widely accepted. Theoretical
calculations were then able to explain when Co replaces Mo at the S-edges, some S vacancies can
be created (Mo-S bond weakened) resulting in increased activity towards HDS.12 HDS is the
process whereby sulfur (as H2S) is removed from natural gas and petroleum materials. Because
HDS requires S removal using H2 gas, there are possible similarities between these catalytic sites
and those used for H+ adsorption. Using HDS catalysts as a model, the promoting effects of metals
such as Ni and Co towards the HER are well studied.13 Because proton adsorption is the first step
of HER, evaluation of catalyst materials using thermochemistry can yield useful information on
the composition of active sites.12,14,15 These studies also help direct changes to catalyst synthesis
and design. As discussed in Chapter 2, MoS2 has a two-dimensional layered structure (Fig 2.1.)
and is usually electrodeposited with a flat featureless morphology. The complete co-ordination of

48
basal sulfur and the poor conductivity along the c axis makes this surface inactive. Calculations
have shown the (10-10) edges terminated by Mo with incomplete S coordination are open for H+
adsorption.13 Additionally, conductivity hence electron transfer in the a-b plane is very good due
to overlapping empty Mo 4d orbitals. Further calculations by Bonde et al. indicated that bulk
transition metals (TM) like Ni, Fe and Co adsorb H+ too strongly. Through density functional
theory (DFT) calculations and experimental results, Bonde et al. indicated the addition of a Co
atom to the (-1010) S-edge sites of MoS2 lowers the ∆Gads for H+ increasing the number of active
sites (Fig. 3.2). The Co-MoS2 and Co-WS2 materials made through wetness impregnation of
Carbon paper showed an improved activity towards the HER when compared to MoS2 and WS2.13
Additionally a more detailed study using scanning transmission spectroscopy (STM) and DFT
calculations to investigate the atomic-scale structure of Co-Mo-S and Ni-Mo-S nanoclusters found
a tendency of the promoter ions to substitute Mo atoms at edge sites, more specifically at S
edges.16,17 These metals being more abundant and cheaper than Pt are at the center of many HER
catalysts investigation. More recently Merki et al. showed an amorphous MoSx and Co-MoSx
performed extremely well as catalysts for hydrogen evolution, each respectively generating 13.6
mA/cm2 and 17.5 mA/cm2 when 200 mV overpotential was applied. 18
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Figure 3.2 Left: Ball model showing exposed edges of MoS2 particle. Right: Side view of Mo edge,
S edge and Co promoted S edge top, middle and bottom respectively taken from ref. [3, 13]. Co
does not incorporate into the Mo edge while Co incorporation into S edge reduces ΔG and
increases total active sites for H+ adsorption.

Simply generating a nanoporous morphology and exposing R-surfaces did not improve
MoS2 performance when compared to literature (generating2.5 mA/cm2geometric at 200 mV
overpotential, Fig. 2.11). We aim to modify nanostructured MoS2 to increase the number catalytic
centers on the edges. Electrodeposition provides a quick, easily tunable and uncomplicated
method for TM metal deposition on molybdenum sulfide thin films. However, apparent
disadvantages are the deposition of bulk metal and or the HER competing with TM metal
deposition on MoS2. In such cases a dipping method was instituted.
In this work we report the surface modification of 2D and np MoS2 with transition metals
via different methods and correlate TM content and placement to their performance towards the
hydrogen evolution reaction. We further investigate the effect of surface oxidation via dissolution
in hydrogen peroxide on promoting H+ adsorption, hence increasing the overall surface coverage
and catalyst’s effectiveness towards the HER.
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3.2

Experimental

3.2.1

Materials
Ammonium tetrathiomolybdate ((NH4)2MoS4), cobalt chloride (CoCl2), cobalt nitrate

(Co(NO3)2), formamide (CH3NO), sulfuric acid (H2SO4 95-98%), nitric acid (HNO3 70%),
hydrochloric acid (HCl, 36%), platinum foil (Pt, 99.9%) and a graphite rod (C) were obtained from
Sigma Aldrich. Ammonium chloride (NH4Cl), potassium chloride (KCl), zinc chloride
(ZnCl2.xH2O), hydrogen peroxide (H2O2, 30%v) and isopropyl alcohol (IPA) were obtained from
Mallinckrodt. Hexachloroplatinic acid (H2PtCl6.6H2O) and molybdenum sulfide (MoS2, 98%)
were obtained from Alfa Aesar. Inductively coupled plasma- optical emission spectra standards
for molybdenum (1000 ppm Mo), sulfur (1000 ppm S) and zinc (1000 ppm Zn) were obtained
from Exaxol. All were used as purchased. Aqueous solutions were prepared with DI water further
purified with a Millipore Milli-Q purification system (resistivity ≥ 18 MΩ).

3.2.2

Electrodeposition of 2D MoS2 Electrodes
A standard three-electrode set-up was used where all electrochemical experiments were

done on a Princeton Applied Research VMP2 Multichannel Potentiostat/Galvanostat. The working
electrode consisted of 1000 Å of gold deposited on 200 Å of titanium on a glass slide by electron
beam evaporation. Either a Pt foil or a graphite rod (C-rod) counter electrode was used. The
reference electrode was an Ag/AgCl in 4M KCl against which all potentials was measured.
Flat MoS2 electrodes (2D MoS2) were electrodeposited from a 2 mM (NH4)2MoS4, 0.04 M
KCl and 0.2 M NH4Cl formamide solution at -0.6V for 97uAh/cm2. The temperature of the bath
was maintained at 110 oC.

3.2.3

Electrodeposition of Nanoporous MoSx Electrodes
Nanoporous (np) MoSx electrodes were electrodeposited from a 2 mM (NH4)2MoS4, 0.04

M KCl, 0.2 M NH4Cl and 0.05 M ZnCl2 formamide solution using alternating pulsed potentials of
-0.6 V and -2.0 V each lasting 30 s for a total of 15 min. The temperature of the bath was
maintained at 110 oC.
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After each deposition, the resulting film was gently rinsed with de-ionized water and
isopropyl alcohol. All films were annealed at 400 oC, unless otherwise noted, for 1h in Ar stream
after which those co-deposited with Zn were soaked in H2SO4 for 1h to remove the zinc.

3.2.4

Characterization
X-ray

Diffraction

(XRD)

patterns

were

recorded

on

a

Bruker

D8

Advance powder diffractometer with Lynxeye detector (Cu Kα radiation). Scanning Electron
Microscopy (SEM) images were obtained using a LEO Supra 55 VP field emission microscope
operated at 5 kV. X-ray Photoelectron Spectroscopy (XPS) was obtained on a Perkin Elmer Phi
5400 ESCA System with Mg K source. Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) was obtained on a Perkin Elmer Optimal 2000 DV spectrometer.

3.2.5

Electrochemical Measurements
Electrochemical tests were used to correlate structure and catalytic ability. In a standard 3-

electrode cell current-potential (i-E) curves were obtained in a H2SO4 ~pH 0 (25 mL concentrated
18 M H2SO4 in 765mL of DI water) solution at room temperature (23 oC) purged with inter gas
(Ar/N2). A C-rod counter electrode was used as well as a two-compartment cell with a porous glass
frit.
A constant potential of -0.4V vs Ag/AgCl was applied to all electrodes for 1 h. Then linear
sweep voltammograms (LSV) of MoS2 electrodes were obtained by scanning potentials from the
open circuit voltage (Voc) to -0.4 V with a scan rate of 5 mV/s.

3.2.6

Surface Modification of Molybdenum Sulfide Electrodes

3.2.6.1 Electrochemical Deposition of Platinum (Ptedep)
Using a three-electrode set-up as previously described, Pt was electrodeposited on MoS2
from pH 0 H2SO4 solution containing 10 μM H2PtCl6 under constant potential of -0.4 V for 5min.
Before testing, electrodes were washed in H2SO4 for 1h.
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3.2.6.2 Platinum Deposition Via Cycling (Ptcyc)
Activation of the molybdenum sulfide surface was carried out in a three-electrode cell
with a Pt foil counter electrode. An initial LSV was obtained at 5mV/s in a split cell with a C-rod
counter electrode. For the purpose of activating the MoS2 surface, LSVs were done repeatedly
(200 times at 100 mV/s until no improvement was observed) in the same solution from its Voc to
-0.8 V. After which the a 2nd LSV was obtained at a scan rate of 5 mV/s in a split cell with a Crod counter electrode. Before testing, electrodes were washed in H2SO4 for 1h.

3.2.6.3 Electrochemical Deposition of Cobalt
Using a three-electrode set-up as previously described, cobalt metal was electrodeposited
on MoS2 from a slightly altered known condition.19 A -0.8V potential was applied to the
electrode for various times in a pH 6 0.5 M (NH4)2SO4 and 50 mM CoCl2 solution. The
electrodes were then annealed under Ar at 250 oC for 1 h. Before testing, electrodes were washed
in H2SO4 for 1h.

3.2.6.4 Cobalt Adsorption Via Dipping Method
Solutions containing Co ions were prepared by dissolving nitrate salt in DI water or 6%
H2O2 solution. After dipping MoS2 electrodes in solutions for 2 s, the electrodes were annealed
under Ar at 250 oC for 1 h. Before testing electrodes were washed in H2SO4 for 1 h.

3.3

Results and Discussions
As previously discussed, the accepted steps for the HER at metal surfaces (M) are:

H+ + e- + M ↔ M-Hads

Step I (Volmer)

Equation 3.1

M-Hads + H+ + e- ↔ M + H2

Step II (Heyrovsky)

Equation 3.2

2M-Hads ↔ M + H2

Step II (Tafel)

Equation 3.3
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The first step occurs on all catalytic surfaces but there is competition between the two reactions
labeled step II. Either electrochemical desorption (Eq. 3.2) and/or chemical recombination (Eq.
3.3) reactions occur. The ability of a given metal to catalyze the hydrogen evolution reaction is
usually measured by the exchange current density, io. When operating conditions or practical
voltages are considered, the Tafel slope (b, Eq. 3.4) values are more meaningful especially for
materials with low io.20 The exchange current is obtained by extrapolating the y-intercept at zero
overpotential using the following relationship.

logi = /b + log io

Equation 3.4

The Tafel slope differs depending on the rate determining step. Various studies have indicated if
H+ adsorption is low, slopes near 120 mV/dec are observed. For more catalytic materials
intermediate slopes 50-70 mV/dec are observed. For the best materials or Pt-based materials
usually present slopes near 30-40 mV/dec. The elucidation of a single rate determining step is not
as straight forward as many other kinetic conditions must be considered.
In Chapter 2 our study showed that 2D and np MoS2 films generated 10 mA/cm2geormetric at
= 315 and 285 mV respectively. Increasing the duration of surface activation via constant applied
potential to 1 h instead of 5 minutes resulted in improved performance of both 2D and np MoS2
electrodes for HER. However, the difference between them was still small (20 mV) with np MoS2
generating 10 mA/cm2geometric at η = 245 mV (Fig. 3.3-b). As explained previously, the many wide,
deep cracks on the 2D film increases its exposed R-surfaces while the small, inaccessible pores of
np MoS2 keeps its surface area small. The changes in Tafel slope and exchange current densities
were negligible.
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a-i

b

a - ii

Figure 3.3 a) SEM images of (i) 2D and (ii) nanoporous MoS2 electrodes. b) Polarization curves
of 2D MoS2 (····), nanoporous MoS2 (—) and Pt foil (—) after being activated at -0.4 V Ag/AgCl
(overpotential of 200 mV) in pH 0 H2SO4.

3.3.1

Platinum Modification by Pt cycling (Ptcyc) and Electrodeposition (Ptedep)
The modification of molybdenum suflide with platinum was carried out using two different

methods. The first was by chance and occurred while aiming to clean the electrode’s surface. In a
beaker containg the acidic solution used for HER, using a Pt foil counter electrode, potentials
were cycled from the resting potential to -0.8 V as many times as needed until the voltammograms
stopped moving to the positive direction. The negative potentials and high curent densities reached
on the WE resulted in extremely positive potentials on the Pt foil CE. Pt oxidation, and subsequent
dissolution and depostion occurred in the acidic soltion. A maxiumum shift between the first and
last LSV usually occurred by the 100th LSV. This first process termed ‘cycling’ is different from
direct Pt electrodeposition. In Pt electrodeposition, a fixed concentration of a Pt salt was added to
the HER solution and a less negative potential applied for a short time. The second method aimed
to restrict the deposition of Pt to the more active surfaces (R-surfaces) of molybdenum sulfide.
Surface modification of molybdenum sulfide with Pt by cycling and electrodeposition
enhanced the performance of both 2D and nanoporous electrodes. The values discussed for all
electrodes are after the stability test unless otherwise stated. When Pt was electrodeposited on 2D
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MoS2 the electrode required an overpotential of 215 mV to generate 10 mA/cm2, 50 mV less than
the unmodified surface. This enhancement is similar for Ptcyc 2D MoS2. In the case of the
nanoporous morphology, when Pt was electrodeposited, the resulting enhancement was larger
requiring only 120 mV overpotential to achieve 10 mA/cm2geometric. The enhancement observed for
Ptcyc-nanoporous molybdenum sulfide was not as much as for Ptedep-nanoporous electrode. An
SEM image of the 2D electrode shows possible Pt nanoparticles in the cracks of the plates of the
film (Fig. 3.4-b-i). SEM images of the nanoporous Ptedep electrodes show no changes in the surface
morphology indicating the electrodes surfaces are covered with nanoparticulate Pt (fig 3.4-b-ii).
This suggests that the performance enhancement observed for the nanoporous MoS2 electrode with
Pt-treatment is due to the interaction between Pt atoms and the highly catalytic R-surface. Constant
potential experiments and polarization curves (Fig. 3.4-a, c) showed that both 2D and nanoporous
electrodes modified by Pt electrodepsotion can be considered stable. In the polarization curves
before and after constant potential experiments there was consistently no change in overpotential
necessary to generate the same current densities for 2D electrode. However, in the case of the Ptedep
nanoporous electrodes, in some cases there was considerable improvement in catalytic ability
where 10 mA/cm2geometric was generated with 40 mV less overpotential while in others there was
consistently no change in the overpotential necessary to generate the ideal current density (Figure
3.4-c).
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a

b-i

b-ii

c

d

Figure 3.4 (a) Stability curves for Ptedep electrodes, Ptedep-2D (····) and Ptedep-np (—), at 200 mV
overpotential in pH 0 H2SO4. b) SEM images of Ptedep-2D after and Ptedep-np MoS2 after 200 mV
overpotential was applied for 1 h in pH 0 H2SO04.(c) Polarization curves of electrodes before
stability measurements: Ptedep-2D (—) and Ptedep-np (····) MoS2 and after stability measurements:
2D (····), np (—), Ptedep-2D (····), Ptedep-np (—) MoS2 and Pt foil (—) and polarization curves of
(d) Corresponding Tafel plots of the same Ptedep electrodes.

Subsequent stability measurments and polarization curves verify there is no further loss of
performance for the Ptedep np MoS2 electrodes. It is noteworthy that while Ptedep nanoporous MoS2
electrodes show comparable performances to that of Pt foil in achieving 1 mA/cm2 current, the
performance difference between MoS2-based catalysts and Pt foil increases as current level
increases.

There are a couple reasons for this. First, molybenum sulfide possesses lower

conductivity than platinum. Second, at high overpotentials and high currents, the mass transfer
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effects, i.e., slow ion diffusion, can lower the measured current considerably. Impedance describes
the combination of different resistances as current flows through complex circuits. In this circuit
the ions from the solution adsorbed on the molybdneum sulfide surface act as a capacitor. Due to
the build up of charge there is also a resistive component, or barrier to charge transfer from the
less conductive molybdenum sulfide electrode to the approaching ions. There is another small
resistance due to the distance between the molybdneum sulfide electrode and the tip of the
Ag/AgCl reference electrode i.e. the solution resistance. Special care was taken to position the
WE and RE in an identical manner to keep this resistance constant. Although not measured, it is
assumed in this case that the slow ion diffusion at high overpotentials and lower conductivity of
the molybdneum sulfide electrodes manifest as a large impedance. Recent studies concerning
electrocatalyst thin films use electrochemical impedance specctroscpy (EIS) or ohmic drop
correction techniques as well as small electrode areas or rotating disc electrodes to most accurately
guage the ability of catalyst materials.18, 21
The quality of XPS results and subsquent analysis of Pt modified electrodes were
inadequate because of the overlap between Au 5p1/2 with Pt 4f regions near 70 eV binding energy.
On 2D MoS2 both Pt metal and Pt2+ phases are present before and after electrochemical
experiments.22 Since PtO and Pt(OH)2 are not clearly identified literature there is little clarity as
to which is present. The decrease in the atomic percent (at. %) of platinum, on the flat film surface
from approximately 3% to 1% indicates not all of the deposited platinum is strongly bound to the
film’s surface hence could not be used for catalysis. Also the composition and oxidation states of
Mo and S are similar to the unmodified 2D films. In the case of np MoS2 a similar at. % of
platinum, ca. 3%, was found on the film surface before electrochemical tests. However, no Pt0 was
present. Only Pt2+ was observed on nanoporous molydenum sulfide films. Similarly, less than 1
at. % Pt2+ was found on the np MoS2 film surface after electrochemical tests. The results suggest
that much of the electrodeposited platinum was weakly bound and dislodged during catalysis. With
similar surface concentrations of electrodeposited platiunum on the 2D and nanporous MoS2
electrodes, the superior performance toward HER of np films may be attributed to platinum’s
placement. It is likely that Pt atoms placed on R-surfaces of np MoS2 surface caused its excellent
catalytic performance. During electrochemical tests, multiple rinses in DI water and fresh
electrolytes solutions ensured high currents were not as result of Pt phases dissolving and
redepositing on film surfaces.
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To further explain the difference in performance between the Ptedep 2D and Ptedep np
molybdenum sulfide, the amount of Pt was quantified using ICP-OES. ICP-OES data is
summarized in Table 3.1. Generally, direct electrodeposition deposits fewer Pt particles by mass,
on both morphologies of MoS2 than via cycling. Also Pt-modified np MoS2 films contain more Pt
than Pt-modified 2D MoS2 films. Comparing the amount of Pt deposited via electrodeposition, the
nanoporous morphology contains approximately 3 times more Pt by mass than a 2D electrode of
the same geometric area (Table 3.1). The platinum to molybdenum ratio was 1:77 for 2D and 1:296
for np molybdenum sulfide modified by Pt electrodeposition. Both the Ptedep electrodes were
shown to be stable for 1h at -0.4 V vs. NHE (Figure 3.4-a.). We can conclude that the difference
in performance between the Ptedep 2D and np electrodes is because the nanoporous morphology
contains more Pt. It is unclear whether this film actually provided more catalytic MoS2 R-surfaces
on which the HER is favored. The Ptedep modified np and 2D electrodes exhibited catalytic stability
under 200 mV overpotential for 1h generating near 18 mA/cm2geometric and 8.5 mA/cm2geometric
respectively. A comparison of exchange current densities, Tafel slopes for unmodified and Ptmodfied molydbenum sulfide elctrodes are shown in Table 3.2.

Table 3.1 ICP-OES of electrodes after constant potential experiments in pH 0 H2SO4.

Electrode

Mass of Mo
(µg/cm2geometric)

Mass of Pt
(µg/cm2geometric)

Mo: Pt

Ptcyc 2D MoS2

1.92

0.609

6.4:1

Ptcyc np MoS2

1.75

1.087

3.3:1

Ptedep 2D MoS2

30.41

0.208

296:1

Ptedep np MoS2

25.04

0.666

77:1
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Table 3.2 Tafel data of electrodes after constant potential experiments in pH 0 H2SO4.

Electrode

Tafel Slope, b
(mV/dec)

Exchange Current Density, Eapp (V vs. NHE) at 10
io (mA/cm2geometric)
mA/cm2geometric

2D MoS2

75-85

1-2 x 10-2

-0.260

np MoS2

60-70

0.5-2 x 10-2

-0.245

Ptedep 2D MoS2

70-80

1-4 x 10-2

-0.215

Ptedep np MoS2

55-60

1-2 x 10-1

-0.120

Pt foil

30-40

3-5 x 10-1

-0.040

3.3.2

Cobalt Modification Via Electrodeposition
Co metal electrodeposition from neutral aqueous solution is difficult because of the many

stable oxides and hydroxides that can be precipitated from solution.19 The deposition is made even
more difficult in acidic solution where electrons would much rather be used for hydrogen
evolution. The efficiency of the Co electrodeposition from acidic solution was poor. When near
neutral soltuion was used, there was no improvement for Co-modified 2D electrodes; the
overpotential toward the HER actually worsened by up to 35 mV and the Tafel slope increased.
Although nanoporous molybdenum sulfide electrodes generated some films with modest
improvements up to 50 mV, the Co deposition profiles were inconsistent and irreproducible. No
further work was done to improve Co electrodeposition or to characterize the modified electrodes.

3.3.3

Cobalt Modification Via Dipping Method
Surface modification of 2D MoS2 via dipping in DI water then annealing showed no

enhancements. The film’s catalytic ability was lost as 60 mV more overpotential was necessary to
generate the standard current densities. Whereas the np MoS2 catalytic abilities were unaffected
by the same process as seen in Figure 3.5. Since water alone does not have any positive effects on
both morphologies, any improvements obseved when Co2+ is added must be as a result of its
promoting effects.
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Surface modification of 2D MoS2 via dipping in either Co2+ containing 6% peroxide
solutions (Co/H2O2) or Co2+ containing DI water (Co/H2O) did not produce any exceptionally
catalytic films. The 2D MoS2 films dissolved in peroxide solutions so no further electrochemical
tests were done. However, the np electrodes were less affected by the highly oxidizing enviroment
because they are chemically different from 2D MoS2. XPS of a Co/H2O2 treated np MoS2 sample
indicated due to peak position that Co was not in the form of cobalt metal but Cox+.22,23 Figure 3.6
shows the S 2p region where although many different oxidation states of sulfur were present, the
majority of sulfur is in the form of sulfate. In the same figure, the Mo 3d region also shows the
presence of a variety of Mo oxidation states. Under constant applied potential the Co/H2O2
modified nanoporous electrodes were stable for water reduction for 1h. Co/H2O2 modification of
the np molybdenum sulfide electrodes results in a similar Tafel slopes of about 65 mV/dec
compared to the unmodified film. The exchange current densities of the Co/H2O2 modified np
electrodes had values in the range of 9 x 10-2 mA/cm2geometric which is higher than the unmodified
surface. Since XPS of np molybdenum sulfide after dipping in Co2+ containing peroxide solution
(Fig. 3.6) shows a highly oxidized surface containing Mo(VI) and sulfate, the effect of peroxide
alone was investigated further. In order to separate the effects of Co promotion and peroxide
oxidation, water was used as a solvent for the Co salt when modifiying the electrode.

Figure 3.5 Schematic showing process of Co surface modification. After annealing, films washed
in pH 0 H2SO4 for 1 h before electrochemical tests to clean the surface.
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Figure 3.6 XPS analysis of nanoporous molybdenum sulfide electrode dipped in cobalt containing
peroxide solution (Co/H2O2) after electrochemical tests. Cobalt is present in an oxidized form
(green) while most of the sulfide-disulfide was oxidized to sulfate (orange) and more Mo(VI) (pink)
than Mo (IV) (blue) which another change compared to the unmodified film. No Zn is present on
the surface (spectrum not shown). Average Mo:S is 1: 3.0 with 6.5 at. % Co.

Looking at the effect of peroxide on the active surface, peroxide treatment without cobalt
also produces a highly oxidized film surface. Mostly Mo(VI) and sulfate were present on the
peroxide treated np MoS2 electrodes. Comparison of the XPS spectra suggests that the effect of
peroxide is diminished when Co2+ is present as not all Mo and S species were completely oxidized.
It is known that Mo(IV) is easily oxidized to Mo(VI) probably as a form of the soluble
peroxymolybdates when treated with peroxide.24 These results suggest some of this soluble Mo
species is then is leached out of the film resulting in an Mo to S ratio of 1: 4 before electrochemcial
tests. However, the active surface of peroxide treated nanporous MoS2 is quite different after
multiple LSVs and constant potential experiments, with a Mo:S ratio closer to 1:9 (Fig. 3.7). For
comparison, umodified np MoS2 has a Mo to S ratio of 1:1.33 and 1:1.24 before and after
electrochemical tests repectively (Fig. 2.9).

SEM images of peroxide teated np MoS2 films

indicate the bulk of the film is unaffected as its morphology remains intact. Similarly, for the CoH2O2 modified np films after electrochemical tests the average Mo to S ratio (1:3) was different,
albeit a less drastic deviation from the unmodifed film. It was determined the at. % Co to be
approximately 6.5%. However, because the various oxide and hydroxide forms have overlapping
binding energies, indentifying the oxidized species is difficult.
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Figure 3.7 XPS analysis of peroxide modified nanoporous molybdenum sulfide electrode after
electrochemical tests. The effect of peroxide on molybdenum and sulfur oxidation states is
apparent. Both Mo (IV) (blue) and sulfide-disulfide were oxidized to Mo(VI) (pink) and sulfate
(orange) respectively. There is no Zn is present on the surface. The average Mo to S ratio is 1:9.

When the same Co surface modification was performed using a Co nitrate solution without
the use of H2O2 (Co/H2O), only a moderate enhancement (20-40 mV enhancement) was observed
for the nanoporous MoS2 electrode. This improvement can be attributed to Cox+ alone as the
nanoporous morphology was unaffected/slightly worsened by a similar modification with water
alone. Figure 3.8 shows i-E curves where the stepwise improvement of the nanoprous morphology
via different surface modifications is apparent. Because the catalytic ability of Co/H2O2 np MoS2
films resulted from the oxidized film surface and not Co promotion, the effect of peroxide alone
on np MoS2 films was explored further.
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a

b

Figure 3.8 (a) i-E plots of np MoS2 showing progression of catalytic ability when surface is
modified: np MoS2 (---), H2O (---), Co/H2O (---), Co/H2O2 (····), H2O2 (····) and Pt foil (—) after
1h stability tests obtained in pH 0 H2SO4. (b) Tafel plots of these same films.

Two initial questions that needed answering were: “Is annealing necessary?”, and “Can
film oxidation be better controlled by lowering peroxide concentration?” It was expected that
higher H2O2 concentration oxidizes a film faster than lower concentration, however only small
difference in performance (25 mV) was obseverd. In Figure 3.9-a overpotentials of 160 mV and
185 mV were observerd for 6%- and 0.6%- H2O2-treated films without a second annealing.
Additionally XPS analysis of these films show surface Mo to S ratios wer 1:8 and 1:12 repectively,
which are values within range of the annealed treatment. XPS results of these same films indicate
there are similar amounts of surface oxidation of both Mo and S to Mo(VI) and sulfate (70-80%
for Mo 30-55 % for S). From electrochemical experiments and surface analysis it was concluded
that annealing after surface modification was unnecessary and due to the similarites in performance
of 6% and 0.6% H2O2-treated films. Furthermore, the true effect of lower H2O2 concentration
cannot be determined if surface oxidation goes on uncontrolled.
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a

b

Figure 3.9 i-E plots of np MoS2 showing effect of peroxide concentration when films were (a)
dipped once without rinsing and (b) dipped and rinsed multiple times: unmodified (—), 0.6%
H2O2 (-∙-∙), 6% H2O2 (---) and Pt foil (—) after 1h stability tests obtained in pH 0 H2SO4. These
films were not annealed a second time.

The methodology for peroxide surface modification was modified once again to answer
the question, “Can film oxidation be better controlled by rinsing electrodes after dipping in
peroxide solutions?” When nanoporous MoS2 films were repeatedly dipped in 6% peroxide
solution rinsed immediately and tested without annealing, a similar enhancement (10
mA/cm2geometric generated with η =145 mV) to the previous treatment (without rinsing and with
annealing) was observed. These films were stable for 9 h at η = 200 mV (i-E plot not shown). A
rapid decrease in i was observed and as previously explained, due to diffusion limited conditions
of the experimental set up. When the peroxide concentration was decreased by 10 times to 0.6%,
a maximum enhancement of 45 mV over the unmodified np MoS2 was observed. It can be
concluded that higher peroxide concentration does affect the np MoS2 films more strongly than
lower concentration. Among all the H2O2 modified np films, all film morphologies seem identical
to the unmodifed np electrode. Lastly by comparing overall Mo content using ICP-OES we hope
to correlate Mo content and film performace. Generally unmodified np MoS2 electrodes contain
approximately 200-500 nmol Mo. Peroxide treatment lowers the amount to 100-400 nmol Mo
before prolonged stability tests. However, after a few LSVs, the content decreases considerably to
50 nmol and even further after stability measurements where only 2-4 nmol of Mo is left.
Instinctively we look to SEM to see if the film is intact. The fact that the film structure is preserved
creates a puzzling scenario (Fig 3.10). It seems implausible that the film structure according to
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SEM and the loss of Mo can coexist. Further studies into the exact nature of this catalyst is needed.
Despite the tremendous loss of molybdenum, these Mo deficient, oxidized np molybdenum sulfide
films are very active towards HER.

a

b

c

Figure 3.10 SEM images of peroxide treated nanoporous MoS2 electrodes (6% H2O2) after
electrochemical tests: a) annealed (1h), b) not annealed (1h) and c) annealed (10 h). Constant
potential experiments were carried out for various times, given in parentheses, at η = 200 mV in
pH 0 H2SO4.

There were a few attempts to optimize the oxidized catalyst’s surface even further by Co
incorporation via electrodeposition and dipping. The additional modifications were consistently
unsuccessful at improving the oxidized film’s catalytic ability. All the results obtained from the
Tafel analysis and LSVs of the various MoS2 electrodes treated with platinum, cobalt and/or
peroxide are summarized in Table 3.3.
One major obstacle in studying and further optimizing peroxide oxidation is the
deterioration of the SiO2/Ti/Au substrate. As Pt foil cannot be used, Au foil may be best substrate
especially for any commercial application. Glassy carbon may be viable if the film can be
deposited with correct morphology and annealed without substrate deterioration. Other foils and
substrates are not stable in deposition and/or test media, and did not produce morphology under
similar conditions.
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Table 3.3 Exchange current density and Tafel slope of various 2D and nanoporous MoS2 electrodes.

Electrode Material

Tafel Slope, b
(mV/dec)

Exchange Current Density, Eapp (V vs. NHE) at 10
io (mA/cm2geometric)
mA/cm2geometric

2D – unmodified

75

1-2 x 10-2

-0.260

np – unmodified

65

0.5-2 x 10-2

-0.245

2D – Ptedep

70

1-4 x 10-2

-0.215

np – Ptedep

55

1-2 x 10-1

-0.120

2D – Coedep(10-60s)

90

9 x 10-3

-0.260

np – Coedep(60s)

85

5 x 10-2

-0.195

2D –H2Odipped

100

1 x 10-2

-0.320

np – H2Odipped

85

3 x 10-2

-0.250

2D – Co/H2Odipped

80

1 x 10-2

-0.260

np – Co/H2Odipped

70

1-2 x 10-2

-0.215

2D – Co/H2O2 dipped

NA

NA

NA

np – Co/H2O2 dipped

65

9 x 10-2

-0.160

2D – H2O2 dipped

NA

NA

NA

np – H2O2 dipped

65

1 x 10-1

-0.145

30-40

5 x 10-1

-0.040 to -0.050

Pt foil

3.4

Conclusion
Surface modification of the new nanoporous MoS2 morphology was investigated because

it did not have enhanced electrochemical water reduction kinetics as expected when compared to
the 2D morphology. Successfully shown here are simple tailored ways to modify nanoporous
MoS2 catalyst surfaces. Modification of this high surface area electrode with promoting metal
atoms such as Co and Pt improved its catalytic activity by increasing the number of active sites.
Pt modifications had a greater effect on the np MoS2 electrodes than the 2D morphology because
more Pt particles were deposited on these films. Their kinetics for HER shifted closer to that of Pt
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foil, having Tafel slopes around 60 mV/dec and higher exchange current densities. Using Co
electrodeposition to introduce the promoter ion was irreproducible and inefficient which lead to
the search for new ways to modify molybdenum sulfide’s surface. When the effect of Co-promoter
metal ions on these two different molybdenum sulfide morphologies was studied, the results
indicated that the nanoporous morphology was more catalytic. The surface modified nanoporous
morphology almost always generated higher current densities than 2D molybdenum sulfide.
Unexpectedly, peroxide surface oxidation of np MoS2 films provided a unique area of study. It
was determined that peroxide treated surfaces of np MoS2 are more stable than 2D MoS2, and show
better performance than Co promoted np MoS2 films. Also, although much of the molybdenum
seems to be dissolved, the film’s morphology remained intact and its ability and stability matches
the nanoporous molybdenum sulfide modified by Pt electrodeposition. Furthermore, additional Co
surface modification of peroxide treated nanoporous molybdenum sulfide surface worsens the
films catalytic ability and did not have a synergistic effect as hoped. The results obtained with the
best catalysts are comparable to most recent studies on molybdenum sulfide film based
electrochemical water reduction catalysts. Since there are no reports that MoO3 is active for HER,
future study may investigate why the highly oxidized molybdenum sulfide surface is so catalytic
for hydrogen evolution.
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CHAPTER 4. ELECTRODEPOSITION AND SURFACE ANALYSIS OF
COPPER ELECTRODES FOR ELECTROCHEMICAL REDUCTION OF 5HYDROXYMETHYLFURFURAL

4.1

Introduction
5-hydroxymethylfurfural (HMF) is an important, multifunctional biomass intermediate

molecule because of its structure: an aromatic molecule containing both aldehyde and alcohol
groups.1,2 It is formed through the acid or metal catalyzed hydrolysis of cellulosic matter,
specifically hexoses.1-3 HMF can be converted to several useful chemicals such as fuel additives
(e.g. 2,5 dimethylfuran, DMF) and chemicals (e.g. levulinic acid, 2,5-diformylfuran).2 These
biomass derived molecules would replace those conventionally supplied by petrochemicals
thereby reducing our dependence on fossil fuels.4-5 The established method for HMF reduction to
a variety of value added products involves hydrogenation and hydrogenolysis reactions on
precious metal heterogeneous catalysts which occur under harsh, environmentally unfriendly
experimental conditions: high H2 atmosphere, temperatures above 25 oC and long reaction times.
A variety of molecules such as 2,5-bis(hydroxymethyl)furan (BHMF), DMF and 2-methylfuran
(MF) have been produced with a range of efficiencies and selectivities depending on the reaction
conditions used.6-8 Moreover, some catalysts suffer from deactivation after multiple uses. More
recent research has focused on electrochemically reducing HMF to address some of these issues.
Electrochemical biomass (HMF) reduction is attractive for many reasons. The first being
in aqueous environments, water will serve as the in-situ hydrogen source at catalytic sites.
Secondly, it offers higher control of reaction parameters that affect efficiency and selectivity of
products.5-9 The electrochemical hydrogenation of HMF to BHMF, shown in Figure 4.1, requires
the input of two electrons and two protons. For water to successfully aid in HMF hydrogenation,
the hydrogen evolution reaction (HER) must be suppressed. As this is a relatively novel area, most
reports sampled a wide range of metals that have been proven poor HER catalysts. The first report
on electrochemical HMF reduction, showed Ag metal had >85% selectivity in neutral sulfate
solution.5 They observed similar onset potentials on a variety of metal surfaces and suggested
HMF reduction was a non-catalytic reaction, i.e. the initial hydrogenation occurs directly through
water and the selectivity was determined by the catalyst material and potential applied. Another
early report on electrochemical HMF reduction using a copper electrode, demonstrated similar
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selectivity for BHMF (34%) and DMF (36%) in an acid water-ethanol mix.6 In the same study,
77% selectivity for BHMF was achieved on Pb or Cu in neutral aqueous solution. This report
highlighted the importance of the electrode material and composition of the electrolyte on HMF
hydrogenation. In a later report, Kwon et al. suggest Ni as a good catalyst for BHMF formation in
acid. At low pH, onset potentials varied according to position of the metal in the periodic table (dor sp-metal). In acid, the currents observed for HMF reduction and the HER were similar and
subsequent BHMF reduction to another product was favored.7 Most recently, a high surface area
Ag electrode produced by galvanic displacement of Cu, was used to reduce HMF to BHMF ca.
100 % faradaic efficiency and selectivity.8 Two mechanisms were proposed for BHMF formation
in the slightly alkaline electrolyte. The first involves direct electron transfer to HMF molecules
coupled to proton donation from water, and the second being the simultaneous formation of
adsorbed hydrogen and HMF to form BHMF.
In this work, electrodeposited copper-based electrodes which are cheap and
environmentally friendly demonstrate high efficiency and selectivity (>80 %) for BHMF
formation in slightly alkaline solution. XPS surface analysis of electrodes provided some insight
into the active catalysts in neutral and alkaline aqueous solution.

Figure 4.1 HMF hydrogenation to BHMF.
4.2

Experimental

4.2.1

Materials and Chemicals
Copper foil and copper (II) sulfate hydrate (CuSO4.xH2O) were obtained from Alfa Aesar.

D-L lactic acid (85 wt%), sulfuric acid (95-98%), sodium hydroxide and 2-hydroxymethylfurfural
(≥ 99%). 2,5-(bishydroxymethyl)furan (97%) was purchased from Polysciences. Deuterium oxide
(D2O) was obtained from Aldrich. Pt and Au coated glass substrates were made via e-beam
sputtering 100 nm of metal on 20 nm Ti on a glass slide. All were used as purchased unless
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otherwise stated. Aqueous solutions were prepared with de-ionized water further purified with a
Millipore Mill-Q purification system (resistivity ≥18 MΩ).

4.2.2

Synthesis of Cu based Electrodes
Cu metal was electrodeposited from established conditions using a pH 8 30 mL 0.4 M

CuSO4 and 3 M lactic acid solution at 60oC, pH adjusted with NaOH.9 The stock solution was
made by dissolving copper sulfate and lactic acid in high purity water. The NaOH was added right
before deposition to adjust the pH to 8. The Cu foil substrate was chemically cleaned in ~pH 2
sulfuric acid before all depositions. Then the back side of Cu foil was covered in Teflon tape to
create a working are of 2.0 cm2. All electrode surfaces were washed with isopropyl alcohol (IPA)
and de-ionized water before depositions. No more than two depositions were done per 30 mL
solution. Electrodeposition was carried out in an undivided cell using the three-electrode set-up
with copper foil as the working electrode, Pt coated glass as the counter electrode and an Ag/AgCl
(4 M KCl) reference electrode. A deposition potential of -0.8 V vs. Ag/AgCl was applied for 5
min to deposit the Cu film on Cu foil (Cuedep). The same procedure was followed for Cu2O
deposition on Cu foil (Cu2Oedep) with an applied potential of -0.2 V vs. Ag/AgCl. Deposited films
were rinsed with de-ionized water and dried in and compressed air stream. The exact procedure
was used for both Cu and Cu2O depositions on Au substrate.

4.2.3

Characterization
All electrochemical experiments were performed on a Princeton vmp2 potentiostat using a

3-electrode set-up. X-ray diffractommetry (XRD) was performed on a Bruker D8 Advanced PXRD
spectrometer using Cu Kα-radiation. Scanning electron microscopy (SEM) was used to understand
and monitor the effect of film morphology on catalytic ability of films. Images were obtained for
the as-deposited electrodes as well as electrodes after HMF reduction in pH 7 and pH 9.2 solutions
using a LEO 1530 microscope (5 kV). A Bruker Avance III 400 MHz nuclear magnetic resonance
(NMR) spectrometer was used to identify and quantify HMF and its reduction products by 1H
NMR. A Thermo Scientific K-Alpha X-ray photoelectron spectrometer (XPS) using Al Kα
radiation was used to probe the electroactive film surface in cases where XRD did not give much
insight.
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4.2.3.1 Electrochemical HMF Reduction
To determine potential range for HMF reduction linear sweep voltammograms (LSVs)
were obtained for each Cu-based electrode (Cufoil, Cu2Oedep and Cuedep) in pH 7 0.2 M KH2PO4
and pH 9.2 0.2 M (NH4)2SO4 solution with and without 20 mM HMF present. The potential was
swept from the open circuit value to -0.9V vs. RHE in a single compartment cell at a rate of 10
mV/s. For constant potential experiments (HMF electrolysis) a two-chamber divided cell separated
by a porous glass frit was used and -0.49V vs. RHE was applied in a 20 mM HMF solution with
supporting electrolyte for 30 C or 2 h, whichever came first. All solutions were stirred (approx.
400 rpm) and kept under N2 atmosphere during electrochemical experiments. Films were removed
immediately after catalysis, washed with DI water and IPA and dried under N2 stream.

4.2.3.2 NMR Sample Preparation
Products were detected and quantified using NMR. Standard solutions of concentrations
15 mM, 10mM and 1mM in DI water were made. NMR samples were prepared using a 9:1 mix of
standard solution with deuterium oxide. After electrolysis, the HMF reduction product samples
were prepared using the same 9:1 mix of the sample solution to D2O. Calibration curves for HMF
and BHMF and other reduction products in all electrolyte solutions were created by plotting area
obtained vs. concentration.

4.3

Results and Discussion

4.3.1

Electrochemical Synthesis
Lactate complexes Cu2+ at pH 8 keeping it soluble until the appropriate potential is applied.

Linear sweep voltammograms show copper reduction occurs in two one-electron steps with a Cu+
→ Cuo reduction peak beginning at -0.6 V Ag/AgCl hence -0.8 V was chosen as the deposition
potential for Cu metal (see Figure 4.2). Films deposited at a less negative potential of -0.6 V
contained Cu2O. A potential of -0.2 V was chosen for Cu2O deposition. Electrodeposited Cu
(Cuedep) had large faceted crystals while electrodeposited Cu2O from the basic lactate solution
(Cu2Oedep) is nanoparticulate with round, poorly faceted particles as shown in Figure 4.3-a. Both
films are crystalline as deposited with Cu2Oedep showing a very weak (111) diffraction at 36.5o.
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However, for identifying the Cuedep film phase, XRD was not very useful as Cuedep was mostly
indistinguishable from the commercial Cu foil substrate except for a slight broadening of the Cu
(111) peak at 43.3o which indicates the electrodeposited films nanocrystalline nature (see Fig 4.4a). Hence, depositions were carried out on Au substrates for the same time which produced thicker
films that were easily distinguished from the substrate by XRD. In Figure 4.4-b, XRD of these
films indicated only crystalline Cu2O was deposited at -0.2 V and only crystalline Cu at -0.8 V.
The morphology of the both Cu and Cu2O films on Au are comparable to the films deposited on
copper foil as shown in Figure 4.3-b.

Figure 4.2 LSV showing aqueous copper reduction on Cu foil in pH 8 0.4M CuSO4 – 3M lactic
acid solution at 60 oC. Deposition potentials of -0.2 V and-0.8 V were chosen for Cu2O and Cu
films respectively.
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Figure 4.3 Similar morphologies of films deposited on different substrates. a) SEM images of
electrodeposited (i) Cu2O (Cu2Oedep) and (ii) Cu (Cuedep) on copper foil. b) SEM images of
electrodeposited (i) Cu2O and (ii) Cu on Au.
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*

Figure 4.4 a) X-ray diffraction spectra for Cu2Oedep (red) and Cuedep (blue), compared to Cufoil (gray)
used as the substrate. The inset shows the peak for (111) plane of Cu2O at 36.5o which is only
present in the Cu2Oedep film. b) Spectra for analogous films on Au: Cu2O (red) and Cu (blue) and
blank Au (gray). The same Cu2O (111) reflection is observed with the absence of crystalline Cu.
The Cu film showed crystalline Cu but no crystalline Cu2O. The starred peak is the gold substrate.

4.3.2

Linear Sweep Voltammograms
Initial electrochemical tests were conducted to determine best conditions to compare Cuedep,

Cu2Oedep and Cufoil electrodes for HMF reduction. LSVs were carried out in N2 purged pH 7 0.2
M KH2PO4 and pH 9.2 (NH4)2SO4 electrolytes with and without 20 mM HMF in an undivided
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three-electrode cell. In electrolytes without HMF, the observed current is due to water reduction
which is the predominant reaction. In neutral or alkaline solution, on a metal surface, water
reduction proceeds through the steps outlined in Equations 4.1-4.3.10 It is thought that at these pHs
with low proton availability that molecular water is adsorbs to the metal surface and gains an
electron forming M-Hads and producing OH-. The importance of this for HMF reduction as outlined
by others,11 is that some materials may simultaneously form the M-Hads species while adsorbing
HMF and proximity leads to HMF reduction, while other materials directly transfer electrons to
HMF which then reacts with water in solution.
STEP I

M + H+ + e- → M-Hads

Equation 4.1

STEP IIa

2 M-Hads → 2 M + H2

Equation 4.2

STEP IIb

M-Hads + H+ + e- → M + H2

Equation 4.3

Copper and by extension copper oxide is known to be poor at the hydrogen evolution
reaction with low M-Hads formation in acid. The idea is that electrochemically generated H not
H2, at potentials favorable for HMF reduction would aid HMF reduction process. Copper has been
previously shown to reduce HMF both catalytically and electrochemically.5,6,11 The ease of HMF
reduction was observed when 20 mM HMF was added to the 0.2 M KH2PO4 (phosphate buffer)
solution as all three electrodes had an earlier onset for HMF reduction than water reduction (Fig.
4.5-a, b). The onset of hydrogen evolution on Cufoil does not begin until -0.37 V vs. RHE in
phosphate solution confirming its poor ability to reduce water. With regards to HMF reduction in
pH 7 phosphate buffer, the reduction onset order from the earliest to the latest was Cu2Oedep <
Cuedep < Cufoil. The potentials required to generate a current density of 1 mA/cm2 in phosphate
when HMF was present were -0.35 V, -0.41 V and -0.50 V vs. RHE for the Cu2Oedep, Cuedep and
the Cufoil electrodes respectively. There was a very visible reduction peak for Cu+ to Cuo around 0.25V vs. RHE in phosphate solutions on the Cu2Oedep electrode (Figure 4.5-a, b). Notice Cuedep
and Cufoil electrodes do not contain considerable oxide. This reduction peak due to the reduction
of Cu2O to Cu occurs at a similar potential but is less pronounced in pH 9.2 (NH4)2SO4 solutions
(Fig. 4.5-c, d). The order of the HMF reduction onset potentials in pH 9.2 (NH4)2SO4 was different
than in phosphate solution where the reduction onset order from earliest to latest was Cuedep ≤
Cu2Oedep < Cufoil. The potentials required to generate a current density of 1 mA/cm2 in ammonium
sulfate when HMF was present were -0.43 V, -0.42 V and -0.47 V vs. RHE for the Cu2Oedep, Cuedep
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and the Cufoil electrodes respectively. The more positive onset potentials observed when HMF was
added to both electrolytes suggest HMF reduction is favored over water reduction when HMF is
present. Only the Cufoil electrode in ammonium sulfate had lower current densities when HMF was
added to the electrolyte. The most drastic changes in onset potential and highest current densities
in both electrolytes are observed for the Cu2Oedep electrode.

Figure 4.5 LSVs of Cu-based electrodes, Cu2Oedep (red), Cuedep (blue) and Cufoil (black), in 0.2 M
KH2PO4 pH 7 (a, b) and 0.2 M (NH4)2SO4 pH 9.2 (c, d) electrolytes comparing onset potentials
with (solid) and without (dashed) 20mM HMF present (scan rate 10 mV/s).

4.3.3

Constant Potential Electrolysis
Unlike the LSVs, the constant potential experiments were conducted in a divided cell so

that HMF would not be simultaneously oxidized and any oxygen generated would not affect HMF
reduction at the copper electrodes. The potential chosen for catalysis falls after expected Cu+
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reduction and generates modest current during HMF electrolysis. Potentials of -1.1 V vs. Ag/AgCl
in phosphate buffer and -1.23 V vs. Ag/AgCl in ammonium sulfate solution, both equivalent to 0.49 V vs. RHE, were applied to electrodes in 14 mL of electrolyte for a time of 2 h or until 30 C
was passed. The reduction products (amount of BHMF formed) and remaining HMF were
analyzed by 1H-NMR. Efficiency of electrodes was compared using the two figures of merit,
Faradaic efficiency (FE) and selectivity. The results are summarized in Tables 4.1 and 4.2., where
percent FE and selectivity were calculated using equations 4.4 and 4.5. The denominator in
equation 4.4, also referred to as the moles of BHMF expected, is the mole relation between charge
passed and electrons used to form BHMF where F is Faraday’s constant (96485 C/mol). An
example of 1H-HMR spectra showing expected peaks in ammonium sulfate solution is shown in
Figure 4.6.

FE %
Selectivity %

/

∗

x 100
x 100

Equation 4.4
Equation 4.5
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Figure 4.6 1H-NMR spectra for (a) pH 9.2 HMF solution after passing 30 C at 1.23 V vs. Ag/AgCl
to the Cu2Oedep electrode for HMF reduction, (b) a fresh HMF solution, and (c) a fresh BHMF
solution: 1H NMR (400 MHz, 90% H2O/ 10% D2O) δ 9.34 (s, 1H), 7.43 (d, J = 3.9 Hz, 1H), 6.57
(d, J = 3.9 Hz, 1H), 6.24 (s, 2H), 4.46 (s, 4H). HMF peaks at 9.36, 7.45, and 6.59 ppm. BHMF
peaks at 6.24 and 4.45 ppm. The BHMF peak at 4.45 ppm is diminished by water suppression.
Dimethylsulfoxide (DMSO) is an impurity present in the as-purchased HMF. The unknown peak
could not be matched to any common HMF oxidation or reduction products.
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Although the LSVs show higher current densities were generated at the reduction potential
of -0.49 V vs. RHE in pH 7 phosphate solution than in pH 9.2 ammonium sulfate, during
electrolysis the current quickly tapers off to much lower values. An average value shown in Table
4.1 is representative of the steady current observed during catalysis. Generally, electrodeposited
films generated more current, reduced more HMF and had higher faradaic efficiencies and
selectivity for BHMF formation. No other reduction products were observed under these
conditions.
In neutral phosphate buffer, Cu2Oedep had the highest % FE and % selectivity, 67% and 68%
respectively for BHMF formation. This is surprising as it was expected that the % FE of Cu2Oedep
would be diminished by the conversion of Cu+ to Cuo. Additionally, the Cuedep performed similarly
to the Cufoil. It was expected that the planes of copper exposed on Cuedep would produce a more
catalytic surface than the Cufoil surface or an increase in surface roughness compared to the foil
would produce different results. The relatively low % FE of all electrodes suggest that the HER
competes with HMF reduction, however, the low selectivities indicate that at this pH in this
electrolyte, some other reaction consumes HMF.

Table 4.1 Summary of results from HMF reduction to BHMF on as-deposited Cu-based
electrodes and acid washed Cufoil in pH 7 0.2 M KH2PO4.
Electrode

Average
HMF
current density consumed
(mA/cm2)
(mmol)

BHMF
formed
(mmol)

Rate of BHMF
production
(mmol/h/cm2)

FE
(%)

Selectivity
(%)

Cufoil

0.28

0.021

0.011

0.006

48

52

Cuedep

1.68

0.061

0.030

0.015

51

49

Cu2Oedep

1.50

0.092

0.063

0.032

67

68

Electrolysis carried out at -0.49 V vs RHE for 30 C or 2h. Average values obtained from at least two measurements
are shown.
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Table 4.2 Summary of results from HMF reduction to BHMF as-deposited Cu-based electrodes
and acid washed Cufoil in pH 9.2 0.2 M (NH4)2SO4.

Electrode

HMF
Average
current density consumed
(mmol)
(mA/cm2)

BHMF
formed
(mmol)

Rate of BHMF
production
(mmol/h/cm2)

FE
(%)

Selectivity
(%)

Cufoil

1.15

0.103

0.070

0.020

55

68

Cuedep

4.24

0.145

0.116

0.082

74

80

Cu2Oedep

4.52

0.148

0.131

0.108

84

89

Electrolysis carried out at -0.49 V vs RHE for 30 C or 2h. Average values obtained from at least two measurements
are shown.

When HMF is added to the ammonium sulfate solution, a reversible chemical reaction
occurs between dissolved NH3 and HMF as shown below in Figure 4.7 (1H NMR peaks seen in
Fig. 4.6-b).

At higher pHs, this reaction was exploited (Roylance, 2016) to facilitate

electrochemical reductive amination of HMF and its derivatives with methylamine to useful amine
products or intermediates on Cu, Ag and Zn electrodes.12 Under those conditions BHMF formation
was suppressed, however, in our case, only a small fraction of the aldimine forms since the
formation constant for aldimine with ammonia is significantly smaller than those with amines and
the solution used is only slightly basic.

Figure 4.7 Reversible formation of an aldimine by reaction of the formyl group of HMF with
ammonia. As pH increases a higher percentage of aldimine exists.

The average current generated during HMF reduction on all Cu-based electrodes increased
when a pH 9.2 ammonium sulfate solution was used. These values were directly related to an
increase in % FE and % selectivity. The FE and selectivity values for Cufoil observed here (55%,
68%) are much higher than reported in pH 9.2 0.5 M borate buffer (19%, 39%) where - 0.56 V vs.
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RHE was applied for similar amount of charge, which highlights the importance of the electrolyte
and applied potential on efficiency of electrocatalysts. Again both electrodeposited Cu2O and Cu
films have higher FE (84%, 74%) and selectivity values, (89%, 80%) than commercial Cu foil
when compared to reduction in phosphate solution. Since reduction potentials applied were
adjusted for solution pH, the improvement of FE at pH 9.2 was not expected. Overall, the results
in ammonium sulfate are surprising and suggest there is a considerable difference in the electrode
surfaces and mechanism for HMF reduction due to the electrolyte that does not occur in neutral
phosphate solution.
Before the effect of HMF reduction on the as-deposited electrode surfaces was determined
i.e. surface analysis, there was an attempt to improve the % FE and % selectivity of electrodes. A
new set of experiments was carried out to observe and compare the effect of electrochemically
reducing the electrode surface before HMF reduction then using the reduced electrode, now
presumably mostly Cuo, for HMF reduction. This was done in a pH 7 0.2 M phosphate buffer
solution by applying a potential of -1.2 V vs. Ag/AgCl the unused electrodes for 10 min each. The
electrochemically reduced electrodes were then used for HMF reduction in both phosphate and
ammonium sulfate electrolytes following the same procedure used for the as-deposited electrodes
as discussed above. Additionally, the same electrochemical pretreatment (water reduction in pH 7
phosphate buffer without HMF) was done on films deposited on Au to check for reduction of Cu2O
and growth of crystalline copper on the Cu2O film. XRD shows no Cu2O present on the Cu2O
electrode surface (Fig. 4.9) as well as no peaks matching crystalline Cu. This indicates Cu2O was
reduced to amorphous Cu metal. In the case of the Cu film, XRD indicated there was no change to
film crystallinity due to reduction in phosphate buffer as the FWHM of Cu (111) peak of the exact
electrode was the same. Cu2Oedep and Cuedep film morphologies were also unaffected by film
reduction according to SEM (Fig. 4.8).
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Figure 4.8 SEM of Cu2Oedep and Cuedep after reduction (electrochemical pretreatment) in pH 7
phosphate buffer showing unchanged morphologies compared to the as-deposited electrodes.

*

Figure 4.9 XRD of as-deposited (solid) and electrochemically reduced (dot) Cu (blue) and Cu2O
(red) films on Au. Note the loss of crystalline Cu2O after reduction (electrochemical pretreatment)
in pH 7 phosphate buffer. There was no change in Cu (111) peak of Cu electrodes.

In neutral phosphate buffer, the FE of all three electrochemically reduced electrodes were
similar, ca. 50 % (Table 4.3). This is not surprising as all surfaces were essentially copper, but it
contradicts our thought that the FE of Cu2Oedep would be increased by preventing Cu+ conversion
to Cuo during HMF reduction. There was an incremental increase in selectivity among the
electrodes, Cufoil < Cuedep. < Cu2Oedep (69 %). While in pH 9.2 ammonium sulfate solution, there
is a more pronounced difference in the FE of all three electrochemically reduced electrodes (Table
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4.4). Generally, as seen with the as-deposited electrodes, these values are higher than FE observed
in pH 7 phosphate solution. Similarly, though, there was an incremental increase in the selectivity
between the electrodes in ammonium sulfate. Both the electrodeposited films had higher selectivity
than Cufoil, with Cu2Oedep achieving the highest value at 86 %. However, the electrochemical
pretreatment did not provide an advantage (results were slightly worse) with respect to increasing
efficiencies of electrodes in either phosphate buffer or ammonium sulfate electrolyte. All further
analysis refers to catalysts used as-deposited. To examine more closely the reason for improved
catalytic performance in pH 9.2 ammonium sulfate solution, changes in SEM, XRD and if
necessary XPS among the three electrodes were noted.

Table 4.3 Summary of results from HMF reduction to BHMF on electrochemically reduced Cubased electrodes in pH 7 0.2 M KH2PO4.

Electrode
Average
HMF
(reduced) current density consumed
(mA/cm2)
(mmol)

BHMF
formed
(mmol)

Rate of BHMF
production
(mmol/h/cm2)

FE
(%)

Selectivity
(%)

Cufoil

1.15

0.048

0.026

0.013

55

54

Cuedep

2.15

0.051

0.031

0.016

52

61

Cu2Oedep

1.52

0.065

0.045

0.023

50

69

Electrolysis carried out at -0.49 V vs RHE for 30 C or 2h. Average values obtained from at least two measurements
are shown.
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Table 4.4 Summary of results from HMF reduction to BHMF on electrochemically reduced Cubased electrodes in pH 9.2 0.2 M (NH4)2SO4.

HMF
Electrode
Average
(reduced) current density consumed
(mmol)
(mA/cm2)

BHMF
formed
(mmol)

Rate of BHMF
production
(mmol/h/cm2)

FE
(%)

Selectivity
(%)

Cufoil

1.65

0.101

0.067

0.034

52

66

Cuedep

3.58

0.128

0.093

0.061

71

73

Cu2Oedep

3.94

0.157

0.129

0.092

83

82

Electrolysis carried out at -0.49 V vs RHE for 30 C or 2h. Average values obtained from at least two measurements
are shown.

4.3.4

Surface Characterization of Catalysts

4.3.4.1 Cu Foil
In the case of Cufoil there is no obvious difference in its surface morphology (see Figure
4.10-a), and crystallinity (XRD not shown) before and after reduction in phosphate and ammonium
sulfate solutions. Even though in ammonium sulfate there was a similarity in the faradaic
efficiency, a modest improvement in selectivity was observed at higher pH. XPS was used to probe
the surface of the electrodes for any changes in oxidation state. Cu 2p spectra shown in Figure
4.10-b indicated that the surfaces were similar. The main peak at 932.5 eV represents a mixture of
Cu+ and Cuo.13-15 The presence of Cu2+ (CuO or Cu(OH)2) is indicated by the peak at 934.1 eV
with its satellites ca. 945 eV. Usually the peak shapes and positions differentiate CuO from
Cu(OH)2,13-15 however at such low intensities they were indistinguishable. Using the Cu 2p3/2
peaks only to determine relative amounts of Cu2+ to the Cuo/+ peak, the results indicate the Cufoil
electrode was oxidized during HMF reduction. However, it is possible that CuO forms after
electrolysis due to electrode exposure to the air. The Cu2+ content after HMF reduction was around
33% and 13% Cu2+ in pH 7 and pH 9.2 respectively. Notice, less Cu2+ is present after elecrtrolysis
in alkaline solution where the FE was similar but the selectivity improved. Additionally, when the
Cufoil electrode was reduced in the phoshate electrolyte without HMF i.e. water reduction, XPS
showed that a similar amount of Cu2+, ca. 28%, was present (see figure 4.10-b).
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Since, it is well known that the Cu 2p region of Cuo and Cu+ are difficult to separate (peak
overlap at 932.5 eV) and cannot be used solely for identification, the Auger region was used to
paint a clearer picture. When comparing the relative heights of Cuo and Cu+ peaks in the Cu LMM
profiles, it is clear that the Cufoil had more Cu+ (or retained less Cuo) after reduction in ammonium
sulfate than in phosphate (see Figure 4.11-c). The oxidzed surface of Cufoil after HMF electrolysis
can be explained by assuming there is a difference in the HMF reduction mechanism in pH 7
phosphate and pH 9 ammonium sulfate and/or that the active surface for HMF reduction may be
mix of the three oxidations states of copper.
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Figure 4.10 a) SEM images of the Cufoil electrode i) before HMF reduction, ii) after HMF reduction
in 0.2 M KH2PO4 pH 7 and iii) after HMF reduction in 0.2 M (NH4)2SO4 pH 9.2. b) XPS Cu 2p
region and c) Auger LMM region of copper showing Cufoil before electrolysis (solid), after water
reduction in phosphate buffer (gray), after HMF reduction in phosphate buffer (dash) and
ammonium sulfate (dot).

89
From SEM and XRD the noticeable difference between commercial Cufoil and Cuedep is the
nanocrystalline nature of the latter where there is a distinct broadening (or increase in FWHM) of
the Cu (111) (see Figure 4.11-a). It was initially thought that the nanocrystalline Cuedep film may
have more catalytic edges exposed for HMF adsorption and reduction when compared to
commercial Cufoil. However, when XPS was explored (see Figure 4.11-b), it was discovered that
electrodeposited copper is covered in a protective layer of X-ray amorphous Cu2O with
approximately 11% Cu2+. Does this layer of Cu2O (with Cu2+) act as the catalyst for HMF reduction
instead of the electrodeposited Cu film? To explain these results and determine what makes
oxidized copper such a good catalyst, the Cuedep and Cu2Oedep films were compared.
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Figure 4.11 a) XRD of Cuedep (blue) compared to acid washed Cufoil (black). Note the larger
FWHM of Cuedep indicating the nanocrystalline nature of the film which could be responsible for
its improved catalytic ability. b) Auger LMM profiles of Cuedep (blue) and acid washed Cufoil (black)
electrodes indicating the electrodeposited film is easily oxidized in air.

4.3.4.2 HMF Reduction on Electrodeposited Cu and Cu2O Electrodes
According to XRD and SEM, there were no changes in the crystallinity and morphology
of the electrodeposited films, Cu2Oedep and Cuedep, after HMF reduction in pH 7 0.2 M KH2PO4.
After HMF reduction, according to XPS, the concentration of Cu2+ on both electrodes was the
same as the on Cufoil (33%). However, the Auger region showed Cuo features after HMF reduction
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that were not present on as-deposited electrodes indicating the formation of Cuo within the Cu2O
surface layers (see Figures 4.12-b and 4.13-b). There are two possible explanations for this. One,
the improved performance of both these electrodes over Cufoil could be due to a Cux+/Cuo surface
dynamic under these conditions. However, since the Cu2Oedep film performed noticeably better
than the Cuedep film (10% higher FE and selectivity), the inevitable formation of Cuo during
electrolysis could be lowering both the Faradaic efficiency and the selectivity for BHMF formation
if only Cux+ is the active catalyst. Alternatively, the catalytic film surface is a combination of Cuo,
Cu+ and Cu2+, and the nature of electrodeposited electrodes make these oxidation states more
accessible.
Compared to their performance in the phosphate solution there was a marked improvement
in the % FE and selectivity of the electrodeposited electrodes in ammonium sulfate. The
similarities in the efficiencies of Cu2Oedep and Cuedep were thought to be caused by the generation
of Cu metal under the reduction bias used for HMF reduction. The crystallinity of the Cu2Oedep
film seems unaffected according to XRD; there is no nanocrystalline copper that could be observed
(XRD not shown). However, the morphology of Cu2Oedep changes after HMF reduction in
ammonium sulfate. As seen in Figure 4.12-a, small round particles are evenly distributed on the
film surface. Hence, XPS was used to probe the surface of the Cu2Oedep film for any changes in
oxidation state. The amount of Cu2+ is unchanged from the as-deposited film ca. 26%. In Figure
4.12-b the presence of elemental copper on the Cu2Oedep film surface after catalysis could indicate
that the nanoparticles formed are amorphous Cu metal. Again, the catalyst surface contains a
mixture of Cuo, Cu+ and Cu2+. What is puzzling though, is this increase in the Cu LMM peak is
also observed in phosphate solution, where there is a lack of nanoparticles on electrodes used for
HMF reduction. Is the alkaline pH and/or ammonia responsible for the nanoparticle formation?
To confirm that nanoparticulate copper improved the catalytic ability of both
electrodeposited films, the surface of the Cuedep was also investigated. The surface of the
electrodeposited Cu film also shows a change in morphology after HMF reduction in ammonium
sulfate, specifically small round particles that concentrate along the edges of the nanocrystals as
seen in Figure 4.13-a. Again, XPS was used to determine the composition of these particles. In the
Cu 2p region, a small increase from 11% to 18% Cu2+, less than on the Cu2Oedep film, was observed
after HMF reduction. Just like Cu2Oedep, after HMF reduction in ammonium sulfate, the Auger
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LMM profiles showed a Cuo feature present on the Cuedep film that was not present before
electrolysis.
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Figure 4.12 a) SEM images of Cu2Oedep film i) before, after HMF reduction in ii) 0.2 M KH2PO4
pH 7 and iii) 0.2 M (NH4)2SO4 pH 9.2 showing presence of nanoparticles after reduction in pH 9.2
solution. b) Cu 2p region and c) LMM Auger region of Cu2Oedep surface after catalysis in both
electrolytes (pH 7,dash and pH 9.2,dot) showing increase in Cu metal compared to the unused
electrode (solid). Note the similarity in Cu2+ contribution in the Cu 2p spectra and the relative
intensities of the Cu+ and the Cuo lines in the Auger spectrum the three electrodes.
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Figure 4.13 a) SEM images of Cuedep film i) before, after HMF reduction in ii) 0.2 M KH2PO4 pH
7 and iii) 0.2 M (NH4)2SO4 pH 9.2. b) Cu LMM Auger region showing increase in Cu metal on
Cuedep surface after catalysis in both electrolytes (pH 7, dash and pH 9.2, dot) compared to unused
electrode (solid). Note the relative intensities of the Cu+ and the Cuo lines in the three electrodes.
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On the electrodeposited electrodes, Cu2O reduction during electrolysis can occur in two
ways. In both electrolytes Cu metal is formed within the Cu2O film leaving an unchanged
morphology and having little effect on the catalytic performance of the electrodes. To determine
whether the Cu nanoparticles formed during catalysis played a role in HMF reduction, a Cuedep
film was reduced in the blank ammonium electrolyte solution, i.e. no HMF. After reduction, the
morphology of this film (Figure 4.14-a) was found to be identical to an as-deposited Cuedep film.
No nanoparticles were formed after reduction in the pH 9.2 electrolyte without HMF. Additionally,
the Cu 2p region of XPS showed that the film to be identical to that of an unused Cuedep electrode
with the same concentration of Cu2+. Again, the Auger region showed Cu metal was formed during
catalysis. As previously explained this Cu metal formation is inevitable and occurs within the Cu2O
surface being very different from the Cu nanoparticles seen in SEM. Hence the nanoparticulate
nature of the Cu formed on the electrodeposited films enhanced the catalytic ability of surfaces.
For further confirmation that Cu metal nanoparticles were a result of a combination of an
oxidized copper surface and an alkaline electrolyte during HMF electrolysis, a pH 9.2 0.1 M borate
buffer was used as the electrolyte for HMF reduction on the Cuedep film. SEM confirmed the
presence of nanoparticles after HMF reduction in the borate solution (see Figure 4.14-a). NMR
analysis showed BHMF was the only product, however % FE and selectivity were lower than in
ammonium sulfate possibly due to electrolyte concentration.
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Figure 4.14 a) Morphology similarities and differences among Cuedep films i) unused, ii) after water
reduction in blank 0.2 M (NH4)2SO4 pH 9.2 and iii) after HMF reduction in 0.1 M Na2B4O7 pH
9.2. b) XPS showing Cu 2p region of unused Cuedep ( ̶ ), Cuedep after reduction in blank 0.2 M
(NH4)2SO4 pH 9.2 (-∙-) and Cuedep after HMF reduction in 0.1 M Na2B4O7 pH 9.2 (-∙∙-).
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With a better understanding of the electrode surfaces, analyzing the results in phosphate
buffer helps with separating the effects of the different copper species. If Cu metal were indeed
the catalyst, the presence of oxidized copper species would harm the electrode performance, i.e.
low FE and selectivity. From our observations, this is not the case. One, Cu2Oedep had the same FE
as Cufoil even though it started out with an oxidized surface that was eventually reduced. Two,
Cu2Oedep also had a higher selectivity than Cufoil, and three, the composition of Cufoil changed to
resemble that of Cu2Oedep during catalysis. It can be concluded that in phosphate buffer Cu metal
is not the active catalyst. This does not rule out the possibility that if a nanoparticulate Cu film
could withstand oxidation in phosphate buffer that its performance would not surpass that of the
oxidized copper surfaces.
Now, comparing HMF reduction results in pH 9.2 ammonium sulfate, a different pattern
emerges. The presence of nanoparticles can be explained by assuming during HMF adsorption and
electron transfer, the increase in pH due to the reduction of protons or HMF increases the local
concentration of ammonia on the electrode surface that can easily solvate Cu2+.16 The solvated
Cu2+ is then redeposited on the film surface. Transition metal oxidation state cycling during
catalysis has been previously demonstrated using a cobalt based thin film electrocatalyst.17 Testing
water oxidation in pH 7 phosphate buffer, Kanan et al. oxidized Co3+(insoluble) that was present
in the as-deposited film to Co4+(insoluble) which in turn oxidized water causing it to be reduced
to Co2+(soluble) which was then redeposited as Co3+. The cycling between insoluble and soluble
Co species led to a change in the catalyst’s morphology.17 Compared to pH 7 phosphate HMF,
reduction in the pH 9.2 ammonium sulfate solution occurred by a different mechanism that
involves the dissolution and re-deposition of Cu2+ that is more facilitated at the crystal edges of
Cuedep which are not present in Cufoil.
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Figure 4.15 Schematics describing the formation of Cuo, Cu+ and Cu2+ on all electrodes during
HMF electrolysis irrespective of whether electrons are transferred to adsorbed water or HMF. a)
Possible processes for copper oxidation during HMF electrolysis on any electrode. b) Cux+
reduction to Cu+ and/or Cuo within the electrode (left), and simultaneous HMF reduction and
nanoparticulate Cu formation on Cu2O covered electrodeposited electrodes (right).

Lastly, some initial work surveying other Cu-based electrodes to further elucidate the best
Cu-based catalyst included electrodes of the following composition: CuO (thermally oxidized Cu
foil), electrodeposited Cu2O(dendritic), CuFeO2 on a copper foil substrate as well as anion
intercalated Cu(OH)2 films on Au. It should be noted that some of the electrodes became tarnished
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during use taking on a black color resembling CuO. There was a small increase in % FE on
consecutive constant potential experiments with little change to selectivity. No SEM, XRD or XPS
data to compare film characteristics were completed. Based solely on faradaic efficiency and
selectivity for BHMF formation, the best electrode begins as a form of copper hydroxide. A
summary of these initial results is listed in the Table 4.5.

Table 4.5 Summary of results from HMF reduction to BHMF on as-deposited Cu-based electrodes
in pH 9.2 0.2 M (NH4)2SO4.

Electrode
(reduced)

HMF
Average
current density consumed
(mmol)
(mA/cm2)

BHMF
formed
(mmol)

Rate of BHMF
production
(mmol/h/cm2)

FE
(%)

Selectivity
(%)

Cu2Odendritc

8.8

100

100

0.404

64

100

CuFeO2

12.0

87

79

0.204

51

91

CuO

15.5

82

81

0.295

52

99

3.3

153

134

0.088

86

88

a

Cu(OH)2

Electrolysis carried out at -0.49 V vs RHE for 30 C. Intercalated ions are a) nitrate. Results from copper hydroxide
are initial runs only.

4.4

Conclusion
The electrochemical reduction of HMF to BHMF was shown to be dependent on a variety of

factors. Firstly, the use of a more alkaline solution generally increased both faradaic efficiency and
selectivity. This phenomenon has been previously observed in studies on and silver and copper
electrodes.5-8. Secondly and more importantly, the surface composition of the electrode.
Electrodeposited Cu-based electrodes improved the efficiency of BHMF formation in alkaline
solution when compared to Cu foil due to two features: i) the presence of and initial oxidized
surface and ii) the formation and presence of nanoparticulate Cu metal. Initial results from other
Cu-based electrodes in the same electrolyte confirm oxidized copper films perform unusually well
as HMF reduction catalysts. Future work could focus on a couple of areas: i) improving FE to its
limit on Cux+ films through repeated electrolysis, ii) separating surface area effects from crystal
plane effects, iii) determining if all Cux+ films reduce HMF by the same mechanism (Cunp
formation), and (iv) using other characterization methods to better understand the catalyst surface.
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Although % FE and % selectivity of Cu2Oedep did not match the near 100% value observed on
dendritic Ag electrodes, the future of copper-based electrodes as HMF reduction catalysts is bright
as copper is a less expensive, more abundant material.
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MoS2 Nanocube Structures as Catalysts for Electrochemical H2
Evolution from Acidic Aqueous Solutions
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ABSTRACT: Core−shell PMMA−Au nanocube structures
made by a combination of nanoimprint lithography and
sidewall deposition were used as template for electrodeposition of MoS2, Ni, and Pt. Linear sweep voltammetry
experiments obtained in an aqueous solution containing 0.29
M H2SO4 (pH 0.24) showed that the onset potential of the
core−shell−shell PMMA−Au−MoS2 nanocube electrode for
the hydrogen evolution reaction (HER) was shifted to the
positive direction (i.e., requiring a lower overpotential) by 20−
40 mV compared to planar MoS2 ﬁlms. This indicates that the
nanocube electrodes have a signiﬁcantly increased HER
activity, which is probably because of a higher density of
catalytically active edge sites available at the nanocube surface. It was also found that the HER activity initially increased with
increasing MoS2 deposition time, but decreased after deposition for 60 min because the edges of the nanocubes became rounded,
thereby decreasing the number of active edge sites. By depositing Ni and Pt on top of PMMA−Au nanocubes, it was shown that
this method can also be used for the synthesis of nanocube structures with varying compositions.
KEYWORDS: molybdenum disulﬁde, electrochemical deposition, catalyst, nanocubes, nanoboxes, water splitting

■

organics.14 MoS2 is a layered chalcogenide with sheets of S−
Mo−S layers, thus exposing Mo (1010) edges, S (1010) edges,
and basal planes.15,16 Since the ﬁrst report of MoS2 as HER
catalyst by Sobczynski,7 several studies have shown that the
edge sites of MoS2 are catalytically the most active sites for H2
evolution.6,15,17,18 Most research is therefore focused on
nanostructuring MoS2 to increase its eﬃciency for the HER
by creating a higher concentration of active edge sites and
thereby decreasing the required overpotential.4,7,17−21 To date,
several MoS2 nanostructures were published that showed an
excellent HER performance compared to planar ﬁlms. Among
these are crystalline, single-layered MoS2 polygons,17 amorphous MoS3 ﬁlms made by electrodeposition,5,22 double-gyroid
porous MoS2 nanostructures19 and core−shell MoO3−MoS2
nanowires.4
The most common method for MoS2 deposition is a thermal
deposition process employing high temperature, high pressure
and the use of toxic H2S gas as one of the precursors.7,17,18
Although these processes are widely used in industry, safer and
less expensive processes are preferred. One of these processes is

INTRODUCTION
Photocatalytic or photoelectrochemical water splitting is
emerging as a promising clean technique for the synthesis of
H2 gas, which could be used as a clean and renewable energy
source. The main active component of most photocatalysts and
photoelectrodes is an inorganic semiconductor with appropriate band edge positions for water splitting and a suitable
band gap (ca. 2 eV) to utilize visible light. One of the major
sources for eﬃciency loss in these systems is surface
recombination of charge carriers caused by a poorly active
catalytic surface of the semiconductor for the H2 or O2
evolution reactions (HER and OER, respectively). Eﬃciency
loss can be signiﬁcantly reduced by addition of a catalyst for the
HER or OER.1−3 For the HER, Pt is the most eﬃcient
cocatalyst, but large-scale application of Pt or Pt-based
composites or alloys is impossible due to its high cost and
low abundance. Therefore, it is advantageous to investigate
other types of materials that can mimic the performance of Pt
for the HER.4−6
An interesting material to use as a HER catalyst is MoS2,
because of its high chemical stability in, for example, strong
acids.7 In industry, MoS2 is a well-known catalyst for
hydrodesulfurization of petroleum.8−10 Furthermore, MoS2 is
used as a solid lubricant11−13 and in photo-oxidation of
© 2014 American Chemical Society
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electrochemical deposition of amorphous MoS3 ﬁlms, which are
thought to be reduced to MoS2 under the experimental
conditions of H2 evolution.5,22 Another low-cost and scalable
process is in situ photoassisted deposition of MoS2 on top of a
semiconductor with proper band edge positions, for example,
ZnxCd1−xS, for improved H2 evolution rates.23
In this study, core−shell−shell PMMA−Au−MoS2 nanocube
structures (abbreviated to MoS2 nanocube structures) were
prepared by electrodeposition of MoS2 on PMMA−Au
nanocube structures. These PMMA−Au nanocube structures
were made by a combination of nanoimprint lithography (NIL)
and sidewall deposition as schematically shown in Figure 1.

contain an increased density of catalytically active edge sites for
the HER. Their electrocatalytic activities were therefore
compared with the activity of planar MoS2 ﬁlms prepared
under the same electrodeposition conditions. Here, we report
the synthesis and HER properties of these MoS2 nanocube
electrodes.

■

EXPERIMENTAL DETAILS

Resist polymers NX-2030 and NX-3032 were purchased from
Nanonex; ammonium tetrathiomolybdate ((NH4)2MoS4, purity
99.98%), potassium chloride (KCl, purity 99.999%), ammonium
chloride (NH4Cl, purity 99.5%), and sulfuric acid (H2SO4, 96% in
water) were purchased from Acros Organics; formamide (purity 99.5+
%) and chloroplatinic acid hexahydrate (H2PtCl6·6H2O, powder and
chunks) were purchased from Sigma-Aldrich; and nickel sulfate
hexahydrate (NiSO4·6H2O, purity 99%) and boric acid (H3BO3, purity
99.99%) were purchased from Merck. Milli-Q water with a resistivity
of 18.2 MΩ·cm was used in all experiments.
The UV (ultraviolet)-NIL process used for the formation of the
nanocube structures was slightly modiﬁed with respect to the
previously published procedure.27 In short, a bilayer organic resist
system consisting of a bottom layer of thermally curable resin (NX2030) and a top layer of UV-curable resin (NX-3032) was employed.
The UV-NIL process was performed by a nanoimprinter (Eitre 3,
Obducat) at a pressure of 30 mbar at room temperature with 1 min of
UV exposure. Using a reactive ion etching (RIE) system (RIE-10NR,
Samco), the top and bottom residual layers were removed by a CF4
and O2 plasma process, respectively. A 10−20 nm thick Au layer was
deposited at room temperature for 120 s at 8 mL of Ar ﬂow (STP)
using an RF sputter system (SC701HMC, Sanyu, Japan), which was
operated at 500 W input power. For the formation of nanobox
structures, an additional ion etching process (EIS-200ER, Elionix,
Japan) with Ar was applied as an anisotropic etching process after
deposition, which etched away the top Au layer from the nanocube
structures. Figure 1 gives a schematic representation of this process.
MoS2, Pt, and Ni were deposited on Au nanocube or nanobox
structures and ﬂat Au ﬁlms by electrodeposition in a three-electrode
setup. Here, the substrate was the working electrode, and a Pt sheet
and Ag/AgCl in 3 M KCl (Metrohm Autolab) were used as counter
and reference electrode, respectively. These electrodes were connected
to an Autolab PGSTAT 128N potentiostat. MoS2 was electrodeposited from a formamide solution containing 0.002 M
(NH4)2MoS4, 0.04 M KCl, and 0.2 M NH4Cl at a potential of −0.6
V vs Ag/AgCl. After deposition, MoS2 was annealed under a constant
ﬂow of Ar gas for 1 h at 400 °C. Ni was deposited from an aqueous
electrolyte solution containing 0.23 M NiSO4·6H2O and 0.15 M
H3BO3 at a potential of −1.0 V vs Ag/AgCl. Pt was deposited using an
aqueous electrolyte solution containing 0.01 M H2PtCl6·6H2O at a
potential of −0.3 V vs Ag/AgCl.
Scanning electron microscopy (SEM) images were taken with a
Zeiss Merlin HRSEM instrument. Transmission electron microscopy
(TEM) images were taken with an Analytical TEM apparatus from FEI
Instruments. Electrochemical characterization was performed by linear
sweep voltammetry (LSV) using the same three-electrode setup as
used for electrodeposition, but using a glassy carbon rod (7 mm
diameter, 50 mm length, Alfa Aesar) as counter electrode. The
electrolyte was an aqueous solution containing 0.29 M H2SO4 (pH
0.24), which was purged with N2 gas for at least 30 min prior to the
LSV measurements in order to remove any dissolved O2. LSV curves
were measured twice for every sample in the negative direction from
0.07 to −0.8 V vs Ag/AgCl using a step potential of −0.3 mV and a
scan rate of 5 mV/s. Prior and after the LSV measurements, a constant
potential of −0.4 V vs Ag/AgCl was applied for 10 min to reduce any
oxidized material and veriﬁcation of the system’s chemical stability.
The solution was stirred during all measurements. The potential was
converted to the RHE reference electrode by

Figure 1. Schematic representation of UV-NIL process used for the
preparation of PMMA−Au nanocubes and Au nanoboxes: Spincoating of resist layers (step 1), ultraviolet nanoimprint lithography
(UV-NIL) (step 2), reactive ion etching (RIE) of residual resist layers
(step 3), Au sputtering for the formation of PMMA-Au nanocube
structures (step 4), selective Ar ion etching of unwanted Au layer from
the top (step 5), and PMMA removal using acetone for the formation
of Au nanobox structures (step 6).

NIL is a promising technique to create structures with
innovative shapes, since NIL can reproducibly create patterns
with resolutions down to 10 nm over a large substrate area at
high throughput and low cost.24−28 Subsequent sidewall
deposition of, for example, Au, ZnO, or Mo on the sides and
top of the resist used for NIL has proven its feasibility for
making 3D hollow nanobox structures with dimensions below
the dimensions of the mold, and these structures were also used
in optoelectronic devices.26−28 PMMA-Au nanocube structures
also provide a perfect and reproducible substrate for making
nanocube structures containing any desired material by
electrodeposition. In this study, MoS2 nanocube structures
were prepared by electrodeposition using patterned PMMA−
Au nanocube arrays as the substrates. Nanocube arrays with
cubes having lateral dimensions of 200 or 500 nm were
prepared. The resulting MoS2 nanostructures were expected to

E (vs RHE) = E (vs Ag/AgCl) + EAg/AgCl (ref) + 0.0591 V· pH
(1)
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Figure 2. SEM images of electrodeposited MoS2 ﬁlms and nanocube structures: (a) bare Au substrate, (b) Au nanocube structures, lateral size ∼ 500
nm, (c) Au nanocube structures, lateral size ∼ 200 nm, (d) MoS2 ﬁlm after 15 min MoS2 deposition, (e) MoS2 nanocube structures, lateral size ∼
500 nm, 15 min MoS2 deposition, (f) MoS2 nanocube structures, lateral size ∼ 200 nm, 15 min MoS2 deposition, (g) MoS2 ﬁlm, 30 min MoS2
deposition, (h) MoS2 nanocube structures, lateral size ∼ 500 nm, 30 min MoS2 deposition, (i) MoS2 nanocube structures, lateral size ∼ 200 nm, 30
min MoS2 deposition, (j) MoS2 ﬁlm, 45 min MoS2 deposition, (k) MoS2 nanocube structures, lateral size ∼ 500 nm, 45 min MoS2 deposition, (l)
MoS2 nanocube structures, lateral size ∼ 200 nm, 45 min MoS2 deposition, (m) MoS2 ﬁlm, 60 min MoS2 deposition, (n) MoS2 nanocube structures,
lateral size ∼ 500 nm, 60 min MoS2 deposition, (o) MoS2 nanocube structures, lateral size ∼ 200 nm, 60 min MoS2 deposition.

EAg/AgCl (ref) = 0.1976 V vs RHE at 25 °C

(2)

■

RESULTS AND DISCUSSION
Figure 2 shows SEM images of MoS2 ﬁlms and PMMA−Au−
MoS2 nanocube structures after electrodeposition and annealing. From the SEM images in the left column, it can be
concluded that the MoS2 ﬁlms were not completely smooth,
since wrinkles were observed of similar dimensions as the
nanocube structures. More interestingly, no wrinkles were
observed on or in between the nanocube structures and the
PMMA−Au nanocube structures were smoothly covered with
MoS2. Comparison with a MoS2 ﬁlm before annealing (Figure
3) showed that these wrinkles were formed during thermal
annealing by compressive stress. As shown by Hendricks and
Lee, this stress can be released by incorporation of a
nanostructure or nanoparticles in a polyelectrolyte multilayer
coating on PDMS, thereby preventing wrinkle formation.29
Since the wrinkles observed on the MoS2 ﬁlms have similar
dimensions as the nanocubes used in this study, it is expected
that the deposition of MoS2 on discrete nanocube structures
prevented the build-up of compressive stress and therefore the
formation of wrinkles on the nanocubes.

Figure 3. (a) HR-SEM and (b) SEM images of as-deposited MoS2 ﬁlm
after 45 min MoS2 deposition.

For the nanocube structures, a small decrease in nanocube
size was observed for short deposition times (Figure 2e,f), but,
upon prolonged deposition, the thickness of the MoS2 layer
gradually increased with deposition time at an average
deposition rate of ∼40 nm/h. The reason for the initial
decrease in nanocube size is that formamide, which is the
solvent used for MoS2 deposition, was able to penetrate the Au
layer on top of the PMMA nanocube structures and dissolved
part of the polymeric resist underneath this Au layer. The
ﬂexibility of the Au layer caused the core−shell nanocube
structure to partly collapse. Since smaller nanocubes with a
larger relative surface area have a higher surface energy per unit
2005
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Figure 4. Side-view SEM images of MoS2 nanocube structures with a lateral size of approximately 500 nm after electrodeposition for (a) 15 min, (b)
30 min, (c) 45 min, and (d) 60 min.

in the FFT patterns is a numerical value r for the degree of
orientational (an)isotropy within the ring. It is deﬁned as r =
Imin/Imax, where Imax is the intensity at its maximum value along
the (002) ring, that is, the direction in which the MoS2 planes
show the highest degree of organization, and the intensity Imin is
measured in the direction perpendicular to that. At the sidewall
and on top of a nanocube structure, MoS2 growth was able to
proceed parallel to the underlying Au interface. This is
illustrated by the identical FFT patterns in Figure 5c,d and
e,f, respectively, in which the r value shows that the MoS2
planes are oriented parallel to the underlying Au layer. The only
diﬀerence between bottom and top of the MoS2 layer in these
areas is a slight increase in r value, ranging from r ∼ 0.83 ± 0.02
near the Au interface to r ∼ 0.87 ± 0.02 at the top surface.
Many other areas were also analyzed, and they provided average
r values of 0.83 ± 0.01 and 0.88 ± 0.04 near the Au surface and
top of the MoS2 layer, respectively. On the other hand, the
MoS2 layers from the top surface and sidewalls meet at the
corner of a nanocube structure, so that organization is expected
to become more irregular in that area. This process is visible
when looking at the FFT patterns made from bottom to top of
the MoS2 layer at the edge of a nanocube (Figure 5g−j). At the
bottom of the MoS2 layer, a sharp transition from MoS2 planes
arranged parallel to the side wall of the nanocube (Figure 5g)
to MoS2 planes arranged parallel to the top surface of the
nanocube (Figure 5h) can be observed. When analyzing the
FFT patterns of areas closer to the top of the MoS2 layer
(Figure 5i,j), it can be observed that the alignment of the MoS2
planes decreased accordingly, with a maximum r value of 0.93 ±
0.02 at the top corner of the MoS2 nanocube. The decrease in
degree of order can be explained by curvature of the MoS2
layers by the blanketing eﬀect, as can be observed in Figures 2

volume, the shape of the nanocube structures with lateral
dimensions of 200 nm may be more susceptible to deformation
by formamide etching.
Another interesting observation was that, after 30 min of
MoS2 deposition, the sharp edges of the nanocube structures
were still clearly visible (Figures 2h,i and 4a,b), but after 45 min
they became more rounded (Figures 2k,l and 4c,d). The reason
can be found in the layered structure of MoS2, in which it is
energetically more favorable to expose fewer edge sites and
form a continuous blanket on top of the nanocube structures.
Since smaller nanocubes with a larger relative surface area have
a higher surface energy per unit volume, the smaller structures
with lateral dimensions of 200 nm obtained a more rounded
shape than the larger nanocube structures with lateral
dimensions of 500 nm.
In Figure 5, a TEM image of a cross section of a MoS2
nanocube structure with a lateral size of ∼500 nm after
electrodeposition for 60 min is shown. Figure 5a shows the
diﬀerent phases present in a single nanocube on a Au substrate,
where the PMMA core was partly dissolved during sample
preparation for TEM imaging. On top of the PMMA core, a
10−20 nm thick Au layer and a ∼40 nm thick MoS2 layer were
visible. Figure 5b is a high resolution TEM image at the top left
corner of a MoS2 nanocube structure showing the arrangement
of individual MoS2 layers at the atomic level. It was found that
MoS2 layers are composed of numerous nanoscale MoS2
domains which are randomly oriented to each other, but with
a strong preferential orientation of (002) planes parallel to the
underlying Au substrate as conﬁrmed by fast Fourier transform
(FFT) analysis (Figure 5c−j). The diﬀuse ring in the FFT
patterns represents the reciprocal distance between two
adjacent MoS2 planes in the [002] direction. Also displayed
2006
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(Figure 2m), apparently the HER activity decreased upon
prolonged deposition.
In Figure 6d, all MoS2 structures after deposition for 45 min
were compared with each other, and with a Au ﬁlm without
MoS2. It can be seen that the onset potential for H2 formation
is more positive for both MoS2 nanocube structures than for
the MoS2 ﬁlm, which implies a higher H2 evolution activity.
The presented current densities are calculated based on the real
surface area, therefore surface area diﬀerences between ﬂat and
structured ﬁlms are not the cause for the observed diﬀerences
in the onset potential or Tafel slope. Even though the observed
wrinkles on the MoS2 ﬁlms have similar dimensions as the
nanocube structures, these wrinkles do not expose a higher
concentration of edge sites compared to the nanocube
structures, which probably explains the observed later onset
potential of the MoS2 ﬁlms. The smaller nanocube structures
show a slightly earlier onset potential than the larger
nanostructures, which is in agreement with the larger number
of edge sites per unit surface area.
During the H2 formation experiments, the stability of the
MoS2 structures under these strongly acidic conditions was
evaluated by recording two LSV curves per sample, which
resulted in comparable current densities. Before and after both
LSV curves were recorded, a potentiostatic measurement was
performed at −0.4 V vs Ag/AgCl for 10 min, which also
indicated that the performance of these MoS2 structures
remained the same before and after LSV measurements. We
repeated the same measurements again after storage of one of
the samples for 8 months (500 nm nanocubes after 45 min
MoS2 deposition), which conﬁrmed the stability of the MoS2
structures. Preliminary results even indicated an increase in
activity toward the H2 evolution reaction compared to the
measurements performed on fresh samples. SEM analysis did
not indicate any sign of deterioration of the MoS2 structures
after H2 evolution experiments under acidic conditions.
Table 1 gives an overview of all relevant data that were
extracted from the LSV measurements and Tafel plots in Figure
6. The Tafel slope of a given material can be used to distinguish
between diﬀerent mechanistic pathways involving the three
reactions generally involved in H2 evolution, that is, Volmer,
Tafel, and Heyrovsky steps:

Figure 5. (a) TEM image of a MoS2 nanocube structure with a lateral
size of approximately 500 nm after electrodeposition for 60 min, (b)
HR-TEM image of the area indicated in (a), and (c−j) fast Fourier
transform (FFT) images of the respective areas as indicated in (b).
The numbers in the upper right corners of (c−j) are the r values,
which express the degree of organizational anisotropy in the respective
areas.

and 4. Since several studies showed that the edge sites of MoS2
planes are catalytically the most active sites for H 2
evolution,6,15,17,18 it is expected a priori that the regions near
the corners of a MoS2 nanocube before the blanketing eﬀect are
catalytically more active for hydrogen evolution than the planar
regions.
Figure 6 shows LSV curves and the corresponding Tafel plots
measured on diﬀerent MoS2 samples. In Figure 6a−c, MoS2
was deposited on a Au ﬁlm, 500 nm nanocube structures and
200 nm nanocube structures, respectively. On all MoS2
(nano)structures, the onset potential for H2 evolution shifted
to more positive potentials (i.e., less overpotential) when the
deposition time increased from 15 to 45 min, which is an
indication for increasing activity toward H2 formation, but it
shifted back to more negative potentials when the deposition
time was increased to 60 min. This may be related to a
decreased conductivity of thicker MoS2 layers, but for the
nanocube structures this may also be explained by the
formation of rounded edges after 45−60 min deposition, in
which the number of catalytically active edge sites of the
disordered MoS2 layers decreased by the “blanket” formed over
the nanocube structures, as shown in Figures 2k,l,n,o and 4c,d.
The high activity of the MoS2 ﬁlm deposited for 45 min can be
explained by cracking of the wrinkles (Figure 2j), which
exposed the edge sites within these wrinkles. As such cracks
were smoothly covered with MoS2 after deposition for 60 min

Volmer:

H+ + e− → Hads

(3)

Tafel:
Hads + Hads → H 2

(4)

Heyrovsky:
Hads + H+ + e− → H 2

(5)

If the ﬁrst reaction step (Volmer or discharge reaction) is ratedetermining, a Tafel slope of 118 mV/dec (2 × 2.303RT/F) or
higher is generally observed.22 Similarly, a Tafel slope of ∼29
mV/dec (2.303RT/2F) is an indication of a rate-determining
Tafel reaction, and a Tafel slope of ∼39 mV/dec (2 ×
2.303RT/3F) is an indication of a rate-determining Heyrovsky
reaction.22 Since all Tafel slopes observed for the MoS2 ﬁlms
and nanocube structures were higher than 118 mV/dec, this
means that the formation of atomic H is most likely the ratedetermining reaction step. The large deviation from the
theoretical value may be due to the Au substrate having a
low conductivity, or to a too high uncompensated resistance in
2007
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Figure 6. LSV measurements and corresponding Tafel plots (insets) of (a) MoS2 ﬁlms after MoS2 deposition for 15 min (black line), 30 min (red
line), 45 min (blue line), and 60 min (green line); (b) 500 nm MoS2 nanocube structures after MoS2 deposition for 15 min (black line), 30 min (red
line), 45 min (blue line), and 60 min (green line); (c) 200 nm MoS2 nanocube structures after MoS2 deposition for 15 min (black line), 30 min (red
line), 45 min (blue line), and 60 min (green line); (d) comparison between Au ﬁlm (green line) and several MoS2 architectures after 45 min of MoS2
deposition on a ﬁlm (black line), on 500 nm nanocubes (blue line) and on 200 nm nanocubes (red line). All LSV curves were measured in negative
direction from 0.28 to −0.59 V vs RHE using a step potential of −0.3 mV and a scan rate of 5 mV/s in an electrolyte containing H2SO4 at pH 0.24,
which was stirred during LSV measurements and had been purged with N2 prior to the measurements. The presented current densities were
calculated for the real surface area. Because the current was found to be limited by the counter electrode for high overpotentials, the shown curves
were cut oﬀ before a plateau was observed.

Table 1. Overview of Overpotentials Needed to Reach a Current Density of −1 and −5 mA/cm2, Tafel Slopes and Exchange
Current Densities for Diﬀerent Samples Used in This Study, Including a Comparison with Literature Data
sample
ﬁlm 15 min
ﬁlm 30 min
ﬁlm 45 min
ﬁlm 60 min
500 nm 15 min
500 nm 30 min
500 nm 45 min
500 nm 60 min
200 nm 15 min
200 nm 30 min
200 nm 45 min
200 nm 60 min
Au ﬁlm
MoS2 nanopolygons17
amorphous Co-MoS322
amorphous MoS35
MoO3−MoS2
nanowires4
double-gyroid MoS219
vertically
aligned MoS218

overpotential needed for −1 mA/cm2
(mV)

overpotential needed for −5 mA/cm2
(mV)

310
270
250
310
260
240
230
240
320
270
210
260
260
100 (onset)
140
170
207

438
400
387
442
373
328
321
365
414
366
320
350
370
n.a.
175
n.a.
264

180
179
189
179
154
131
134
141
142
128
141
132
135
55−60
40
43
50−60

2.0 × 10−2
2.9 × 10−2
4.4 × 10−2
1.7 × 10−2
1.9 × 10−2
1.6 × 10−2
2.0 × 10−2
1.9 × 10−2
6.1 × 10−3
7.8 × 10−3
3.2 × 10−2
1.2 × 10−2
9.4 × 10−3
1.3−3.1 × 10−4
1.3 × 10−4
5.0 × 10−4
n.a.

300
330

n.a.
370

n.a.
105−120

n.a.
2.2 × 10−3

our setup.4 Unfortunately, a large variation in iR drop (25−75
Ω) was observed when we used impedance or I-interrupt
techniques for measurement of the uncompensated resistance.
Consequently, attempts for iR-correction failed, because similar

Tafel slope
(mV/dec)

exchange current density J0
(mA/cm2)

iR drops were expected for diﬀerent samples. Since false iRcorrection may add inappropriate distortions to the original
data, it was decided to present the data without iR-correction.
As the nanocubes show a smaller average Tafel slope than the
2008
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planar ﬁlms, the nature of the active sites may be distinctively
diﬀerent, which can be explained by the availability of more
catalytically active edge sites on the nanocube samples. As
expected from the LSV curves, J0 is the highest after a
deposition time of 45 min for all MoS2 structures compared in
this study.
The bottom part of Table 1 provides an overview of the
characteristics of a few of the best MoS2 systems reported in
literature.4,5,17−19,22 It is noted that all measurements (this
study and the comparison with literature) were performed in
acidic solutions with pH between 0.0 and 0.5. Considering the
overpotential needed to reach a current density of −1 mA/cm2,
the MoS2 nanocube structures as presented in this study are
comparable to the performances of the literature systems,
having an early onset potential and therefore a relatively low
overpotential at a current density of −1.0 mA/cm2. Only MoS2
nanopolygons with a very high concentration of edge sites and
amorphous MoS3 ﬁlms with or without Co promotion show an
earlier onset potential,5,17,22 and the required overpotential for
our system is approximately the same as that for MoO3−MoS2
nanowires.4 Since the amorphous MoS3 ﬁlms were also
prepared by electrodeposition, it is expected that applying the
exact same synthesis procedure using Co promotion on top of
the nanocube structures from this study might improve the H2
evolution activity even further. It is noted that we obtained very
high Tafel slopes compared to the values as reported in most
literature, which also resulted in a relatively larger overpotential
needed to reach a current density of −5 mA/cm2. The Tafel
slopes reported in literature (40−60 mV/dec) indicate a ratedetermining desorption step via an ion+atom reaction
(Heyrovsky step),4,5,17,22 whereas the nanocubes in our study
showed a rate-determining H formation reaction (Volmer
step). A possible explanation for the shift in reaction
mechanism may be the fact that our MoS2 samples are
composed of many nanosized domains. Consequently, a high
concentration of defect sites, as observed from the TEM image
in Figure 5, may have led to diﬀerent predominant mechanisms
than the regular catalytic centers at the edge sites.
It is envisaged that MoS2 could be employed as a segment in
photocatalytic nanowires or nanocubes made via templated
electrodeposition for improved H2 formation.30 Since electrodeposition yields MoS2 with a preferred orientation of the
MoS2 layers parallel to the substrate as observed here, it is
expected that a high density of edge sites would be located at
the template wall. In this way, a high density of edge sites would
be exposed at the nanowire surface upon template removal,
which would increase the H2 evolution rate.
To illustrate the versatility of the presented technique for the
synthesis of nanocube structures of arbitrary composition, also
Pt was deposited on top of PMMA−Au nanocube structures.
As shown in Figure 7a,b, these Pt nanocube structures have the
same polycrystalline morphology as observed elsewhere.31 As
shown in Figure 1, the same procedure for NIL and sidewall
deposition can also be applied for the synthesis of Au nanobox
structures instead of PMMA−Au nanocube structures. These
nanobox structures can also be coated with an arbitrary second
material via electrodeposition as shown in Figure 7c for the case
of Ni. In this ﬁgure, the false color diﬀerence between the Au
template (gray) and electrodeposited Ni (white) indicates the
location of the two phases, and EDX mapping (not shown) also
conﬁrmed deposited Ni at the outside of the Au nanoboxes.
Incomplete PMMA removal may be the reason that no Ni
deposition was observed at the inside of the Au nanoboxes. A

Figure 7. (a) Pt nanocube structures with a lateral size of ∼200 nm,
(b) Pt nanocube structures with a lateral size of ∼500 nm, and (c)
open Ni nanobox structures with a lateral size of ∼500 nm.

closer look at the Au−Ni nanobox structures shows that the
corners of the Au phase are sharper than that of the Ni phase
due to the previously described “blanketing” eﬀect.

■

CONCLUSIONS
Au nanocube structures made by a combination of nanoimprint
lithography (NIL) and sidewall deposition were conformally
covered with a desired material using electrodeposition. After
deposition of MoS2 on top of these Au nanocube structures, the
activity toward the H2 evolution reaction (HER) was
signiﬁcantly increased compared to MoS2 ﬁlms, because a
2009
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higher relative density of catalytically active MoS2 edge sites
was available on these nanocubes. Rounding of the corners of
MoS2 nanocube structures is probably responsible for a
decrease in HER activity after longer deposition times, since
it is energetically more favorable for the system to minimize its
total surface area, thereby exposing fewer edge sites. Therefore,
MoS2 nanocube structures with a ∼30 nm thick MoS2 layer
were found to be most active in H2 evolution. These Au
nanocube structures can also be used for the synthesis of
nanocubes composed of other materials like Pt and Ni.
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